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Cage molecules have long been employed to trap reactive or fleeting species, as their rigid nature 
allows them to enforce situations that otherwise would not persist.  We have employed rigid cage structures 
to investigate the close noncovalent interactions of fluorine and oxygen with other functional groups and 
determine how mutual proximity affects both physical properties and chemical reactivity.  Interaction of 
fluorine and an arene ring induces unexpected anisotropic deshielding of the fluorine nucleus, and 
dramatically increases the rate of reaction of the perturbed ring to electrophilic aromatic substitution.  This 
effect is even stronger when the fluorine is replaced with a hydroxyl group, capable of overriding the effects 
of strong deactivating groups covalently bound to the ring.   Interaction of fluorine and a ketone results in 
unusual electronic distortions about the fluorine atom and a blue-shift of the carbonyl stretch.  When a 
hydroxyl group is placed in proximity of a nonconjugated alkene, a very strong red-shift in the OH stretching 
frequency is observed, and the hydrogen atom becomes ‘trapped’ in the molecule and will not exchange.  
Unusual covalent interactions of fluorine are also explored: the cage can close to form the first solution-phase 
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It is known that fluorine has a net deactivating effect in electrophilic aromatic substitution reactions.  Imagine 
instead a C-F bond positioned tightly over the -cloud of an aryl ring - such an orthogonal, noncovalent 
arrangement could instead stabilize a positively charged arene intermediate or transition state, thereby giving 
rise to novel electrophilic aromatic substitution chemistry.  Along these lines, we report the synthesis and 
study of molecule 1, containing a rigid C-F--Ar interaction that plays a prominent role in both its reaction 
chemistry and spectroscopy.  For example, we established that the C-F--Ar interaction can bring about a 
massive increase in the relative rate of an aromatic nitration reaction, affording functionalization on the 
activated ring exclusively.  Overall, these results establish fluoro as a through-space directing/activating 
group (anchimeric assistor) that complements the traditional role of fluorine as a deactivating aryl substituent.  
One of the core concepts learned by students of organic chemistry is that aryl fluorides deactivate 
electrophilic aromatic substitution reactions.[1]  Competition between resonance (lone pair or “n” donation, 
slightly p-activating, in particular for proton exchange), and inductive (-withdrawing and o,m-deactivating) 
effects leaves induction the overall winner, thus attenuating the reactivity of the ring as a whole.[2]  While 
such effects have been well documented in aryl fluorides, we wish to approach the interaction from a different 
perspective; imagine instead a C-F bond positioned tightly and rigidly over the -cloud of an aromatic ring.  
Is it possible that such an arrangement could stabilize a positively charged arenium ion intermediate[3] or 
transition state, thereby giving rise to new reaction chemistry in which the fluoro group is now activating?  
Given the ever increasing importance of fluorine to arene chemistry in particular and organic chemistry in 
general, a fundamentally different method of activating electrophilic substitutions is of great interest.[4]  For 
our part, we have recently reported studies on the generation of symmetrical fluoronium ions in solution,[5] 
suggesting to us that under the right conditions fluorine could also play the role of an anchimeric assistor in 







Figure 1.2  Alkene 3 and arene 4. 
 
On the other hand, when the 19F spectrum of in-fluoride 1 was compared to that of out-fluoride 4, whose 
fluorine atom is considerably farther away from the aromatic ring, a different observation was made.  The 
in-fluoride 1 resonates 15.8 ppm downfield from out-fluoride 4, contrary to what we expected (note that the 
proton geminal to the fluorine atom in 4 is shielded with respect to its out counterpart in 1 by 1.71 ppm, 
demonstrating that the in position is within the classical shielding zone).  
To shed light on what is going on, we turned our attention to density functional (DFT) calculations.  Using 
the F--Ar distances and angles in the optimized structures of 1 and 4 as starting points (B97xd/6-311+G** 
= “B97”),[16] we approximated the interactions as virtual atoms positioned above a benzene ring.[17]  
Employing the nucleus independent chemical shift (NICS) protocol in Gaussian, we calculated that the virtual 
atom corresponding to the in-fluorine should be more shielded than the “out” virtual atom (although the latter 
is still within the shielding zone of the -cloud of the arene ring).[18]  Something is therefore happening to 
deshield the 19F atom of 1.  One explanation, consistent with Chang’s results, also involves steric 
compression.  For example, 1 is less stable than 4 by 8.3 kcal/mol (B97, see SI), mainly due to nonbonded 
interactions between F and the arene ring.[19]  Congruently, Martin et al. have shown that C-H bonds that are 
aligned along the vertical C2 axis of a C2v symmetric C=C bond (e.g. in ethylene) are deshielded when present 
within 3.0 Å of the horizontal plane of the molecule (even though NICS indicates this area to be a shielding 
zone).[20]  Orbital compression[21] may be responsible for the deshielding - in our case, the electron cloud 
about the fluorine atom would be distorted anisotropically.  How can steric compression of the C-F bond be 
otherwise quantified?  One way is to examine 13C-19F NMR couplings - as the bond is compressed, the 
magnitude of the coupling increases.[22],[23]  This is in fact what we find; the C-F coupling is greater in in-






Figure 1.3  Displacement ellipsoid plot (50% probability level) of 1 at 110(2) K 
 
A crystal of 1 suitable for X-ray determination was grown from a mixture of CH2Cl2 and Et2O.  The 
structure reveals the fluorine positioned slightly asymmetrically, but still well over the aromatic ring (Figure 
1.3).  Intermolecular interactions in the crystal lattice likely skew the position of the F atom and break the Cs 
symmetry of the molecule, as the nearest carbon atoms on the aromatic ring are ca. 2.68 and 2.75 Å (2.72 Å 
at B97) away.  The molecule retains full Cs symmetry in silico, as it does on the NMR time-scale.  The 
predicted C-F distance (B97) is 1.37 Å (measured in crystal at 1.38 Å), which is shortened a bit from the 
distance predicted for the out-fluoride 4 (1.39 Å).  This is consistent with the increased C-F coupling in the 
NMR spectrum of 1 relative to 4. 
In this study, X-ray data were collected at subatomic resolution (0.40 Å) to obtain a more accurate 
description of the atomic electron density in the crystal.  The experimentally observed electron density along 
the C-F bond shows a slight anisotropy in which the electron cloud around the fluorine atom has been 
distorted (Figure 1.4).  A region of low density lies across the bond, and is bent away from the C-F line, 
consistent with bond compression.  It is also likely that the C-F bond of 1 assumes some “banana bond” 
character.  As a control, we were able to draw a static deformation electron density map of a similar structure 
that lacks the influence of the ring (see SI).  The C-F bond in the control does not deviate from the C-F line.  
Additionally, this phenomenon is absent in the geminal C-H bond, which shows much more consistent 
amounts of electron density all along its length.  A noncovalent interaction (NCI) analysis (Figure 1.4) was 




predicts a slightly attractive interaction between fluorine and the arene, suggesting that a complex interplay 
of forces may be at work. 
 
Figure 1. 4. Left: Static deformation electron density map in the plane H1, C1, F1 of 1, 2D slice along the molecule’s plane of symmetry.  
Violet regions represent electron density (positive) and green regions represent holes (negative). Right: Noncovalent interaction (NCI) 
plot of 1. The bluish region between F and the arene indicates an attractrive interaction (red regions are repulsive interactions). 
 
1.3: Electrophilic Aromatic Substitution 
 
The unique structure of 1 serves a dual purpose in measuring reactivity in electrophilic aromatic 
substitution.  The aromatic ring proximate to fluorine (ring A) serves as the probe, whereas unperturbed ring 
B (distal from F) serves as an internal control.  A good place to start would be a common substitution reaction 
such as a nitration.  For example, the addition of a nitronium ion to the position of ring A as in 5 should 
generate partial positive charge at the arene carbon attached to the bridgehead.  In turn, lone pairs on fluorine 





Erel  (8 - 
5) (kcal) 
Erel  (9 – 
6) (kcal) 
Erel  (10 
– 7)     
(kcal) 




CAM-          5.5          -1.8          -2.2 
APFD/6-          4.5          -1.9          -1.8 
LC-wPBE/6-          5.9          -2.5          -2.2 
 
Table 1.1  Computed relative energies of 10-15 [Erel AB of arenium ions (Wheland intermediates)].  Functionals with dispersion 
and long range corrections were chosen).[16b], [25] 
 
 
Calculation of the corresponding Wheland intermediates 5-10 (at various levels of theory that address long 
range interactions and dispersion[25]) demonstrates this trend (Table 1.1).  The in-F atom stabilizes, in a 
through-space manner, the A-ring derived intermediate 5 when compared to the analogous B-ring 
intermediate 8, whereas in opposition, the B-ring areniums 9 and 10 are favored over A-ring areniums 6 and 
7.  The geometry of 5 shows fluorine moving closer to the ring towards carbon 4 (para to the nitro group of 
ring A) and enhancing the C-F—Ar interaction in the process (2.53 Å v. 2.72 Å in 1, B97).  The in-pointing 
hydrogen geminal to the nitro group does not interact with fluorine to any extent, leaving the C-F—Ar 
interaction as the primary means of stabilization.  In contrast, the seminal works of Cram and Hopf have 
shown that aromatic rings and certain substituents can act as H-bond acceptors in directing the electrophilic 
substitution of paracyclophanes.[26]  An atoms-in-molecules (AIM) analysis[27] of ion 5 shows a bond critical 
point between fluorine and carbon 4 ( = 0.020).  The fluorine atom can also be described as acting as a 
Lewis base mediated by the aromatic ring; it is unusual to see an organic fluorine atom acting in such a 
manner.   
The appromimate energy of the intermolecular interaction between the nitroarenium ion of benzene and 
fluoromethane was calculated over a range of F---arenium distances.  As the two fragments are moved 
together, a maximum stabilization of -9.8 kcal is reached at a distance of ca. 2.9 Å between F and the aromatic 
ring (calculated at wB97XD).  In contrast, methane yields a maximum stabilization of ca. -2.8 kcal at 2.9 Å. 
When 1 was treated with 1 equiv. of ammonium nitrate in a 2:3 mixture of TFAA and MeCN at 25 °C,[28] 
diastereomer 11 was observed exclusively and in high yield (89%, Scheme 1.2).  Control 4, designed to gauge 
the stereoelectronic effect of the fluoro group, instead afforded a ~1:1 mixture of A:B ring isomers (13).  





over 4 (measurement only limited by S/N ratio of the NMR experiment, Figure 1.5), presenting the most 




In conclusion, we have provided spectroscopic and crystallographic evidence for a molecule in which a C-
F bond is projected over the -system of an aromatic ring.  The C-F--Ar interaction plays a prominent role 
in reaction chemistry (e.g. an aromatic nitration), establishing fluorine as a through-space activating and 
directing group that complements and contrasts its traditional overall deactivating role as an aryl substituent.  
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We have synthesized a molecule containing a close interaction between a C-F bond and the orbitals 
of a ketone carbonyl group.  Our studies have revealed that there is a combination of attractive and repulsive 
forces at play: the ketone’s IR stretching mode is blue-shifted, the carbonyl is bent away from the fluorine 
atom, and electron deformation density maps show some significant distortion of the fluorine atom’s electron 
density distribution.  Finally, binding of the ketone to an aluminum-based Lewis acid deshields the fluorine 
nucleus.  IR and NMR spectroscopy, single crystal X-ray crystallography, and quantum mechanical 
calculations were used to investigate this unusual interaction. 
Noncovalent interactions are critical to understanding the relationship between chemical structure and 
reactivity, and can influence events in unusual and initially unpredictable ways.  In respect to its noncovalent 
interactions, fluorine has always been in a class by itself, even when compared to the other halogens.  Its 
small size, high electronegativity, relative lack of polarizability and tendency for monovalency allow it to 
alter a molecule electronically while having a lesser impact on shape and conformation.  One way to 
understand the properties of these fluorinated molecules is to study their noncovalent interactions with 
common functional groups.1  
One example of a noncovalent interaction that has been studied extensively is the halogen bond,2,3 which 
is characterized by the halogen atom serving as a Lewis acid towards a suitable donor.4,5  This situation 
creates an electropositive pocket on the halogen, called the “hole,” to which the donor is attracted.4  
Halogen bonding interactions are known to affect binding and conformation in the active sites of catalysts.6  
However, due to the small size and high electronegativity of fluorine atoms, its hole is observed in very 
few cases.7  However, it is possible that a different type of interaction could produce a structure similar to a 
hole on a fluorine atom, such as electron-electron repulsion.  In this work, we report on compound 1, 
which contains a close interaction between fluorine and a ketone C=Osystem.  Somewhat similar 
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interactions between a nitrogen atom and a ketone have been previously reported;8 in the present case, there 
exists evidence of interactive character between the fluorine and ketone carbonyl, but it differs from that in 
a halogen bond, but does apparently involve a hole-like region on the fluorine atom.  In addition, 
intermolecular F---C=O short contacts have been observed in crystal packing, but these interactions have not 
been investigated in depth and differ from the interaction in this work in that in those cases the fluorine atom 
is unambiguously in contact with only the carbon atom9.  We have previously synthesized 1 as an intermediate 
while making other compounds in our previous works10, and only recently recognized that it is an interesting 
species in its own right; thus it has not been a focus of our investigations until now. 
 
2.2 Molecular Geometry. 
 
 
Figure 2.1. Compound 1 and various control molecules. 
 
Compound 1 (Fig. 2.1) prominently features a fluorine atom positioned in proximity and directed towards 
the keto-carbonyl functional group.  The crystal structure of 1 shows short F1-C14 and F1-O4 distances of 
2.4417(3) Å and 2.7042(3) Å, respectively (standard uncertainties have been experimentally derived from 
the MoPro refinements) (Fig. 2.2).  When compared to control 2, (Fig. 2.2), the ketone carbonyl is 
significantly bent away from the fluorine (C1-C14-O4 angle is 114.75°), suggesting that the fluorine’s 





Figure 2.2  Displacement ellipsoid plot (50% probability level) of 1 (left) and 2 (right) at 110(2) K.  Interatomic distances are 
given in angstroms. 
 
 
In a typical halogen bond, the electropositive hole of the halogen coordinates to an electronegative 
atom.  In 1, the closest electron-rich atom is the ketone oxygen, but the angle about fluorine formed by the 
C-F bond and ketone oxygen is ca. 131°.  This is far off from favored 180° “head-on” halogen bond angle, 
which suggests of course that classical halogen bonding does not occur.  Predictably, no obvious evidence 
for halogen bonding between F and O can be observed in the crystal structure; in contrast to the classical 
case, the fluorine atom in 1 is aimed at the carbonyl carbon.  The tilting of the ketone away from the fluorine 
atom could also suggest that the F---O interaction may have repulsive character.  However, fluorine is most 
likely presenting an alternate bonding mode between its lone pairs and the electropositive ketone carbon, as 
a nucleophilic attack frozen in time.  This “attack” could also be responsible for the ketone’s tilt.  Such 
halogen lone pair---electropositive atom interactions typically have bond angles between 90° and 120°, which 
fits the 104.6° angle between C1, F1, and C14.11  In the 13C NMR spectrum of 1, the ketone carbon shows a 
6.6 Hz coupling to fluorine.  This fairly weak coupling suggests that repulsion between the C=O  orbital 
(which has greater amplitude on oxygen) and fluorine’s lone pairs counteracts donation from said lone pairs 






2.3 Infrared Spectroscopy. 
 
As halogen bonding or any Lewis acid/base pairing affects bond strength, IR spectroscopy should be 
informative.  The C=O stretch of 1 is found at approximately 1785 cm-1, which unfortunately coincides with 
the analogous anhydride stretches, so we were unable to observe it in isolation.  Therefore, to judge the 
strength of fluorine’s perturbation on the ketone properly, a control molecule was needed.  As a general 
statement, one of the greatest difficulties in chemistry is finding appropriate controls for experiments, since 
to change a part of a system is to change the whole, and observable attributes are generated from multiple 
interdependent phenomena. 
A control was synthesized in the form of 2, which differs from 1 in that the fluorine is replaced with a 
hydrogen atom.  Alcohol 3 was made as previously reported, and oxidized with PCC to yield 2 (Fig. 2.1).12,13  
Its C=O stretching frequency was found at 1762 cm-1.  However, it is possible that the in-hydrogen in 2 also 
perturbs the carbonyl.  A crystal structure of 2 was obtained that reveals a C1-C14 distance of 2.8979(15) Å 
(Fig. 2.2); the two H atoms attached to C1 were placed at calculated positions and refined using a riding 
model as X-ray crystallography cannot determine them accurately.  The C1-C14 distance in 2 is shorter than 
the C1-C14 distance in 1 (3.1002(4) Å), which indicates that the presence of the fluorine atom in 1 imparts 
some strain in the molecule.  As the cage structure splays open to a greater extent in 1 than in 2 to 
accommodate the larger fluorine atom, the forced overlap of these groups must be larger, and fluorine should 
perturb the ketone to a greater extent than the hydrogen. 
To gauge the effect the in-hydrogen has on the ketone in 2 we decided to employ a second control, with 
no perturbing atom.  Thus we turned to our previously reported olefin 4 (Fig. 2.1).14  Its ketone IR stretch is 
found at 1764 cm-1, which is 21 cm-1 red-shifted compared to 1.  Looking at a calculation of the molecule’s 
vibrational modes at B97XD/6-311+G**, it does not appear that its C=O stretch is strongly coupled with 
the olefin C=C stretch, so it should serve as a good control for an unperturbed ketone in this type of system.  
As this value is very similar to that of 2 (blue-shifted by only 2 cm-1), it appears that the impact of hydrogen 
on the C=O stretch is small.  Thus, the presence of fluorine is likely the cause of the relative blue shift 






2.4 Molecular Modeling Calculations. 
 
 
Figure 2.3. Plot of C=O frequency and bond length as a function of F---C distance (B97XD/6-311+G**). 
 
Molecular modeling calculations were used to gain a better understanding of the strength of the F---C 
(carbonyl) interaction.  The vibrational modes were computed while fixing the F---C (carbonyl) distances in 
1 and the H---C (carbonyl) distances in 2 at values between 2.0 and 3.0 Å (Fig. 2.3).  We chose to run the 
calculations at the B97XD/6-311+G** level of theory, as it has a reputation for correctly predicting 
dispersion effects.15  We conducted these calculations using Gaussian 09.16  The calculated C=O frequency 
of 1 has its maximum near the fully optimized distance of 2.46 Å.  Compound 2 has a maximum frequency 
at a much greater distance, around 2.7-2.8 Å, while unconstrained optimization gives a distance of 2.28 Å.  
The blue shift in 1 that occurs on approach from afar can be explained by bond compression, which does not 
occur in 2.  However, at a certain point, the interaction comes to be dominated by nucleophilic attack of the 
fluorine on the carbonyl carbon, which red-shifts the C=O stretch; perhaps not coincidentally, the optimized 







2.5 Electron Deformation Density Experiments. 
 
We performed an X-ray diffraction experiment at subatomic resolution (maximum resolution at 0.40 Å), 
and obtained the static deformation electron density map data for 1 (Fig. 2.4).  Initial observations show that 
the C-F bond seems to have some superficial similarities to a halogen bond.  It is evident that there is a large 
pocket of high electron density on fluorine’s side of the C-F bond, and its electron density is being pushed 
away from the center of the structure, forming a large lobe near the geminal C-H bond.  There are several 
possible explanations for such interesting behavior.  It has been shown that electron-withdrawing groups are 
able to induce a hole on fluorine through inductive effects,17 and in rare instances through halogen 
bonding.18  In addition, there is a large hole present on the carbonyl carbon that points directly at the electron 
density surrounding the fluorine.  This could be evidence for F lone pair---C=O * donation.  Also, it appears 
to be typical for fluorine in organic molecules to have a toroidal region of electron density in the plane normal 
to the C-F bond;19 the torus is symmetrical (with approximate D∞h symmetry).  In the case of 1, however, the 
electron distribution around the F atom is significantly asymmetrical, with more electron density concentrated 





Figure 2.4.  Static deformation electron density maps of 1 (left) and 5 (right) drawn in the plane H1, C1, F1, 2D slice along the 




The electron density data become more meaningful with proper context, so we again turned to a control 
molecule.  Serendipitously, we synthesized such a species through rather unexpected means.  In an attempt 
to synthesize a molecule with a similar scaffold to 1 with a bridging silicon atom, we observed rapid 
desilylation and isolated 5 (Fig. 2.1) instead.20  The loss of its opposing bridging atom keeps the electron 
density around the fluorine atom essentially unperturbed.  Other minor differences exist between control 5 
and 1, in the form of the four methyl groups and remote double bond, but they are unlikely to act on or be 
acted upon by electronic perturbations near the fluorine atom.  Fig. 2.4 shows the static deformation 
electron density map of 5.  One can see that in comparison to 1, the electron density near fluorine in 5 is 
more symmetrical, and the hole along the C-F bond is smaller. 
By comparing the electron density maps of these compounds, some general conclusions can be drawn.  
Steric effects are often invoked in explaining molecular geometry, usually to explain why certain atoms or 
groups are rotated or pushed away from each other a la Pauli repulsion.  What happens, though, when 
groups are forced into close contact and the nuclei have very limited range of motion, which prevents 
relaxation of the system through conformational shifts?  It appears that in this case, it is the electrons that 
move, adopting a new geometric configuration.  This is evident in the static deformation electron density 
map of 1; whereas some electron density on fluorine is pointed directly at the carbonyl carbon, overall there 
is less density on the interior side of the fluorine atom and more on the exterior.  Thus, electron density 
flows into this region to the extent that it can be accommodated, but the majority of the density appears on 
the opposite side as an enlarged electron-rich region.  Thus, we gather that when the nuclei are not free to 
move, the electron cloud ends up in a ‘force-fit’ situation, where it finds the energetic minimum available 
to it by balancing an ensemble of attractive and repulsive forces. 
Another complementary explanation of some of the observed phenomena, namely the blue shift in the 
C=O stretch of 1 and the distortion of the electron density near the fluorine atom, is steric compression of 
both the C-F and C=O bonds, resulting in a bit of bond shortening.  The C-F bond in 1 compared to 5 is 
shorter by 0.00398(21) Å, and the C=O bond in 1 compared to 2 is shorter by 0.0046(16) Å.  These values 
are fairly small, but suggest that steric compression could be partly responsible for our observations.  
Another observation predicted by steric compression would be deshielding of the 19F nucleus.  Indeed, 1 is 





2.6 Lewis Acid Complex: 
 
 
Figure 2.5.  Putative complex with ATPH. 
 
The inability to observe the ketone stretch of 1 was unfortunate, so we decided to run a final experiment 
to see if there was some way to reveal it.  The use of coordinating Lewis acids to complex with the ketone 
could perturb the system and shed some light on how it works.  Complexation would weaken the carbonyl 
bond and red-shift it out of the anhydride stretch region.  In order to achieve this, it was necessary to 
synthesize a Lewis acid that would bind selectively to the ketone and prove that this selectivity was in fact 
occurring.  The first compound that was found to form such a complex successfully was aluminum tris(2,6-
diphenylphenoxide) (ATPH);21 its coordination to the ketone, forming putative complex 6 (Fig. 2.5), 
moved the fluorine atom’s chemical shift in 19F NMR from -182.4 to -183.4 ppm.  This was accompanied 
by a new signal in the IR at 1712 cm-1, which we assign to the ketone C=O stretch, red-shifted by its bond 
with aluminum.  Relative shielding of the 19F nucleus in the complex compared to 1 is what we would 
expect to see if steric compression on the C-F bond by the oxygen lone pairs is occurring – as these lone 
pairs are now involved in a bond to aluminum, their compressive deshielding of the fluorine should be 
lessened, which is what we observe (by 1 ppm).  The Lewis acid was determined to bind selectively to the 
ketone through rigorous control experiments involving compounds 2 and 712 (Fig. 2.1), which are detailed 
as follows.  Introducing 1 to 2,6-diphenylphenol resulted in no change in fluorine’s chemical shift, 
indicating that it is indeed the aluminum-based Lewis acid that is binding to the ketone, as opposed to 
unreacted 2,6-diphenylphenol (which is used in excess).  It is possible, but unlikely due to steric effects, 
that the Lewis acid could bind to the anhydride instead (we selected a very bulky acid to prevent this 
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occurrence).  To disprove this possibility we needed a control molecule in which the ketone carbonyl was 
absent.   Fortunately, previously reported compound 7 (Fig. 2.1) fits these criteria.  When this compound 
was treated with ATPH, there was no observed change in fluorine’s chemical shift, nor was there a new 
signal in the IR spectrum.  Therefore, we concluded that the ATPH only binds to the ketone and not the 
anhydride. 
When ATPH was introduced to non-fluorinated control 2, a new signal at 1712 cm-1 was observed in 
the IR spectrum, indicating that an ATPH-ketone complex similar to 6 had formed.  This result rules out 




In conclusion, we demonstrate that 1 manifests an unusual interaction between an organic fluorine atom 
and a C=O system.  The observable effects of this interaction are a splaying open of the one-carbon 
bridges of the molecule’s cage structure to distance the fluorine atom from the ketone, a blue shift in the 
C=O stretch, and a changes in 19F chemical shift and ketone C=O stretch when the ketone is complexed 
with a Lewis acid.  Most revealingly, we observe a strong asymmetrical distribution of the electron density 
on the fluorine atom, with electron density shifted away from the ketone (save one small region pointed 
toward the carbonyl carbon), enlarging the apical hole on the fluorine atom.  These observations tell the tale 
of a ‘force-fit’ situation, where an ensemble of attractive and repulsive forces are at play to accommodate 
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Through-Space OH---arene interactions and their Consequences 
 
3.1 Introduction 
Electrophilic aromatic substitution, or EAS, represents one of the most important classes of reactions in 
all of chemistry.  One of the "iron laws" of EAS is that an electron-rich aromatic ring will react more rapidly 
than an electron-poor ring with suitable electrophiles.  In this chapter, we present unique examples of 
electron-deficient arenes instead undergoing preferential substitution in intramolecular competition with 
more electron-rich rings.  These results were made possible by exploiting the heretofore unknown propensity 
of a hydrogen-bonding OH—arene interaction to switch to the alternative HO—arene interaction in order to 
provide activation.  In an extreme case, this through-space HO—arene activation is demonstrated to 
overcome the deactivating effect of a trifluoromethyl substituent, making an otherwise highly electron-
deficient ring the site of exclusive reactivity in competition experiments.  Additionally, the HO—arene 
activation promotes tetrabromination of an increasingly more electron-deficient arene before the unactivated 
"control" ring undergoes monobromination.  It is our hope that these results will shed light on biological 
interactions, as well as provide new strategies for the electrophilic substitution of aromatic rings.Electrophilic 
aromatic substitution (EAS) is one of the most fundamentally important reactions in the science of 
chemistry.1,2  In the classroom setting, students are taught at length about how EAS reactions are governed 
by "substituent effects" in terms of relative reaction rates and selectivity.3  For instance, imagine that a 
molecule with two different aromatic rings, separated by a linker, is subjected to an EAS reaction.  In 
principle, substitution will occur at the more electron-rich ring invariably, assuming other factors (e.g. steric 
effects, chelating directing groups, intramolecular electrophiles) are equal.  This deactivating effect on EAS 
reactions by electron withdrawing groups is well established, and it is a fundamental concept in textbook 
organic chemistry.  On the other hand, what if a traditionally deactivated ring were to experience an external 
source of activation that would compensate for its inherent unreactivity?  This situation is reminiscent of 
Meisenheimer complexes - anionic σ-adducts formed from the interaction of highly electron-deficient arenes 
with alkoxide nucleophiles.4,5,6  Having that in mind, it stands to reason that if an oxygen-based functional 
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group is poised, at very close distance, to an electron-deficient arene ring in space, its lone pair of electrons 








Herein, we present examples of electron-deficient arene rings that undergo preferential substitution in 
competition with relatively electron-rich rings, whereby through-space interactions override traditional 
substituent effects.  Furthermore, we exploit the heretofore-unknown propensity of a hydrogen-bonding 
OH—arene interaction to switch to the alternative HO—arene interaction in order to provide the basis for 
activation.  As this complex interaction may influence reactivity, for instance, in enzyme active sites and 
other supramolecular systems, we have employed a tailor-made "probe molecule" to study this interaction in 
a rigid, controlled environment.  We recently reported an F—arene interaction that achieves through-space 
EAS activation; we believed the phenomenon would be much stronger with an oxygen atom incorporated in 





The OH—arene hydrogen bond can be categorized, very generally, as a type of cation-π interaction.  It 
has been observed biologically; for example, the OH group of a threonine residue is positioned above the π-
cloud of tyrosine in the enzyme glutathione transferase when complexed with glutathione.12-15  Additionally, 
a water—phenylalanine interaction is featured in the complex of the anti-Alzheimer's drug donepezil with its 
target acetylcholinesterase.16,17  In the case of small molecules, although a number of well-documented 
examples exist in the literature,18-24 many aspects of the interaction remain unexplored.  In terms of 
intermolecular interactions, OH—arene hydrogen bonding plays an important role in the formation of 1,1,2-
triphenylethanol dimers in the solid phase.25  In addition, several short contacts between hydroxyl groups and 
arenes can be found in a search of the Cambridge Structural Database (CSD), though in those cases the 
interaction was not the focus of study.26,27 
Upon examining an X-ray crystal structure of 1, we noticed another interesting feature (Figure S1).  The 
oxygen-bound hydrogen atom is disordered over two orientations: the in-form is bound to the arene and the 
out-form is involved in a hydrogen bond with the oxygen of an adjacent molecule (encouraged by the rigid 
positioning of the molecules in the crystal lattice).  This result demonstrates the facility by which 
interconversion can occur.  Note that the out-form can be described as a dominant HO—arene interaction, 
between the lone pairs on oxygen and the arene ring, instead of an OH—arene interaction.  In order to study 
this HO—arene interaction in solution, we envisioned that a more electron deficient arene ring would 
decrease the favorability of OH—arene hydrogen bonding, so we synthesized 5 and 6 in an analogous fashion 
to 1 and 4 (Scheme 3.1), replacing anthracene with 1-trifluoromethylanthracene28 as the diene.  The OH 
stretching frequencies of 5 and 6 are nearly identical to each other, and to that of nonsubstituted out-OH 4, 
suggesting that, in contrast to 1, the hydrogen atom of the OH group of 6 is not hydrogen bound to the arene 
(a statement that is supported by DFT calculations).  In terms of NMR analysis, the OH in 6 is less shielded 
than 1 by 0.39 ppm.  Since the hydrogen atom is facing the other way, it is further from the ring, and thus 







3.3. Electrophilic Aromatic Substitution. 
 
In application, the OH—arene interaction is expected to be deactivating in an electrophilic aromatic 
substitution, whereas the HO—arene interaction should be activating.  Which effect would dominate in EAS?  
Monobromination of 1 (Br2, MeCN, room temperature) forms product 7 exclusively and under exceptionally 
mild conditions (i.e. without a Lewis acid promoter), confirming that the ring perturbed by the hydroxyl 
group is activated (Scheme 3.2).29,30  Bromine is a moderate electron-withdrawing group that slows the rate 
of aromatic substitution by about two orders of magnitude.31  Taking it one step further, does the HO—arene 
interaction override this deactivation?  We were gratified to find that nitration of 7 also proceeds exclusively 
on the brominated ring, in addition to nitrate ester formation (8).32,33  In fact, we found that the nitrate ester 
forms prior to arene nitration.  It is highly noteworthy that even an electron deficient oxygen atom, as part of 
a nitrate ester, can direct EAS.  What is more, when 1 was subjected to more forceful bromination conditions 
(excess Br2, Fe metal, CH2Cl2), we monitored the reaction and observed tetrabromination of the top ring 9 
before any evidence of bottom ring bromination (Scheme 3.2 shows the crystal structure of 9).34,35 
At this point, we sought a much stronger electron-withdrawing group that would afford a more dramatic 
demonstration of the external activating effect of the hydroxyl group.  One of the most potent deactivators is 
the trifluoromethyl group, which reduces the relative reactivity of an arene ring by more than 40,000 fold.36  
This significant deceleration also means that any other electron-rich aromatic rings present in a typical 
synthetic sequence will undergo preferential aromatic substitution under virtually all known conditions.  
When 6 is subjected to standard bromination conditions at room temperature (Scheme 2) product 10 is 
obtained (57% yield).  The mass balance is composed of starting material and a mixture of polybrominated 
products.  No hint of monobromination on the other aromatic ring was observed, thus demonstrating the 
hydroxyl group's ability to override one of the strongest deactivating substituents.  Additionally, the methyl 
ether derivatives of 1 and 6 also brominate on the top ring.  In order to attribute these non-traditional 
substitution patterns to the HO—arene interaction, several control experiments were conducted (Scheme 
3.3).37  The simplest comparison is between benzene (11) and trifluorotoluene (12), as no through-space rigid 




Scheme 3.2.  Reactions of 1, 6, and 7.  Bottom Right: Ball and stick model of 9 from crystallographic coordinates. Note that 
there is an i-Pr2O solvent molecule in the asymmetric unit. 
 
In an intermolecular competitive bromination experiment (with benzene and trifluorotoluene in great 
excess of other reagents), bromobenzene (13) was the only product observed upon complete consumption of 
Br2.  To illustrate further the relative reaction rates, benzene and trifluorotoluene were subjected to the same 
bromination conditions in separate vessels.  The initial rate of bromobenzene formation was monitored over 
140 min. to 6% conversion, while no brominated trifluorotoluene isomers were observed after 15 days.  Note 
that these control reactions were performed under the same conditions whereby 1 underwent rapid 
bromination, in line with an argument for HO—arene activation.  However, criticism of these control 
experiments may come from the rigidity and substitution pattern of our probe molecule - are there unforeseen 
features of the framework that prevent functionalization of the bottom ring (or otherwise activate the top 
ring)?  Thus, we synthesized 14 (see Scheme 3.3),38 with the hydroxyl group replaced by a less (but still 
slightly activating) hydrogen atom as an intramolecular control experiment.  We also employed out-OH 5 as 
another control.  At room temperature, no bromination was observed after multiple attempts, thus providing 
































































bromination was observed exclusively on the bottom ring at the two distal positions in ~1:1 ratio (15-16a:15-
16b).  Therefore, the HO—arene activation is crucial in dictating both reactivity and selectivity with regard 
to this control.  
We employed another control molecule, 17,10 where there is equal substitution on the aromatic rings, 
and the hydroxyl group is again replaced with a hydrogen atom (Scheme 3.3).  Bromination of this compound 
resulted in a mixture of monobromides on the top ring and the bottom ring in a 6:1 ratio.  This suggests that 
the inherent difference in reactivity between the two rings is fairly small on this compound, but that the top 
ring is still slightly activated by the inward facing hydrogen atom.  We would expect this theoretically and 
in analogy to the profusion of "hydrido-bridged" structures in organic chemistry.39  Additionally, a slight 
inherent deactivation of the bottom ring may contribute as well, but the effect is evidently small.  This result 
is in rough accord with previous investigations (nitration of this compound gives a 2:1 ratio of top ring to 
bottom ring substitution).10  As a final control, employed ketone 19, which contains no activating atom.  





preferential substitution on the top ring.  In the case of 6, the top ring complex is favored by a lesser amount 
(3.8 kcal) than in 1, whereas in the case of 14, the bottom ring complex is favored by 5.2 kcal. 
Is the activation truly "Meisenheimer like," i.e., is there a developing covalent bond between oxygen and 
an arene carbon in the transition state?  DFT calculations can shed light on this question using 6 as the model.  
At ωB97XD/6-311+G**, the σ-complex intermediate 6A for bromination of 6 was optimized with an explicit 
solvent molecule (dichloromethane).  The oxygen atom in the optimized structure is in close proximity (1.57 
Å) to the carbon ortho to the trifluoromethyl group and para to the complexed bromine (Figure 3.2).  There 
clearly is a covalent bond between oxygen and the arene carbon atom, which serves to explain the relative 
stability of this σ-complex compared to those that lead to other products.  In addition, an AIM (atoms in 
molecules) analysis shows the existence of a bond critical point between the oxygen and carbon.40  Finally, 
if 6 undergoes exclusive bromination on the top ring (with the trifluoromethyl substituent), is the top ring 
still considered the more electron-deficient ring in the ground state?  Natural bond orbital (NBO) analyses of 
the carbon atoms on the aromatic rings show more positive charge character on the trifluoromethylated ring 
regardless of the presence (6) or absence (14) of the hydroxyl group.  Thus, the HO—arene activation must 
be more influential during the formation of the σ-complex. 
 





In conclusion, we demonstrated that the HO—aryl interaction dramatically increases an aromatic ring's 















d(C1-O)  =  1.47 A
d(C2-O)  =  1.57 A
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substituents.  In particular, preferential EAS on a trifluoromethyl-substituted ring over the corresponding 
unsubstituted aromatic ring is a testament to the strength of this interaction.  Not only does this expand the 
selectivity "rules" of EAS in chemical synthesis based on substituent effects, but it should also draw attention 
to interactions in, for instance, enzyme active sites where forced HO—arene interactions are plausible. 
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We have synthesized a molecule containing a tight hydrogen bonding interaction between an alcohol 
and a non-conjugated -system.  The strength of this hydrogen bond results in a large red shift, nearly 189 
cm-1, on the alcohol stretching frequency in the IR spectrum in comparison to a free alcohol control.  The 
interaction is notable in that it possesses a better defined intramolecular hydrogen bond compared to the usual 
molecules for which it is noted, such as syn-7-norbornenol.  This interaction was well studied through the 
use of IR and NMR spectroscopy, X-ray crystallography and molecular modeling calculations.   
 Hydrogen bonds play a huge role in how the world works, from imparting unique properties to water to 
controlling the genetic code.  Ever since they were first determined to be a viable chemical interaction, the 
effects of hydrogen bonding have been the subject of countless studies.  Over the years a perfect definition 
of a hydrogen bond has remained elusive; one of the first was put forth by Pauling, who classified them as 
electrostatic A-H---B interactions wherein both A and B are electronegative atoms.1  Later this was expanded 
upon by Pimentel and McClellan to consist of A-H---B interactions, wherein there is direct evidence of bond 
formation in which the hydrogen on A plays a key role.2  This greatly expanded the definition of H-bonding, 
for now many weak or “nonclassical” H-bonds could be included.  However, the openness of the definition 
is a mixed blessing, as the sheer number of hydrogen bonding-like interactions makes it difficult to nail down 
exact criteria for their formation.  In addition to the classic OH---O interactions, such as in water, other 
classical and non-classical (weak) interactions have been intensely studied over the last decades, such as OH-
--F,3 NH---N,4 FH---F5 and CH---.6  While a fair number of studies have investigated the more popular H-
bonding interactions to aromatic -systems such as pyridine,7 arenes8 and indoles,9 there are relatively few 
published studies concerning non-conjugated double bonds.  Even so, OH---interactions have been 




of no bond critical point (BCP) at suitable levels of theory.  While this measure of the existence of hydrogen 
bonds is (in some cases, hotly) debatable, it does, in a certain way, represent H-bonding strength.18  Ideally, 
a strong ROH---C=C interaction should have a dihedral angle of 0o resulting in the O-H bond and the C=C 
double bond lying in the same plane.  Previously, our lab has published studies that utilized a 
sesquinorbornane scaffold to hold functional groups in close proximity to investigate intramolecular 
interactions, such as anchimeric assistance by fluorine,19 F---H interactions,20 a close fluorine olefin 
interaction21 and a strong OH---F interaction.3  Building on our previous work, we knew using a similar 
molecular scaffold as the latter would bring the OH group and the double bond into close contact as well as 
place them nearly orthogonal, perfect for hydrogen bonding overlap.  In addition, the double bond could be 
tetrasubstituted with electron donating aliphatic groups.  The sum of all these factors should result in a more 
intense hydrogen bonding interaction. 
 
4.2. Molecular Modeling Calculations 
 
We began our investigation of this putative tight OH--- bond by probing the interaction through 
molecular modeling calculations.  The vibrational modes for both the in- and out-alcohols were predicted 
using the B97XD/cc-pVTZ basis set, due to its reputation for accurately predicting dispersion effects.22  
The calculated OH shifts place the in-OH of 1 red shifted, compared to the out-OH of 9, with a difference of 
167 cm-1.   This is an impressive (albeit predicted) red shift; over twice the difference between the syn- and 
anti-epimers of 7-norbornenol.17  The calculation also places the alcohol hydrogen of the in-OH of 1 only 
1.974 and 2.076 Å from the olefin’s bond ends, compared to the predicted 2.540 and 2.541 Å in syn-7-
norbornenol, with the same method and basis set.  To double check the accuracy of the method, the anti/syn-
7-norbornenol red shift was calculated and found to be 67 cm-1 at the same level of theory.  Another test was 
to compare the energy calculation of 1 to a non-hydrogen bound version of 1 where the OH bond is rotated 
180o.  The results predict 1 to be 7.30 kcal more stable than the non-hydrogen bound version.  Additionally, 
electron density () calculations using the quantum theory of atoms in molecules (AIM) program indicate a 




In order to integrate the olefin into our sesquinorbornane scaffold, a new dienophile (5) was designed 
for the synthesis.  The route begins with 6,6-dimethylfulvene, which was allowed to react neatly with 
dimethylacetylene dicarboxylate (DMAD) to yield the trienediester 3.  Wilkinson’s catalyst was employed 
to reduce the least-substituted double bond, yielding 4.  This reduction was followed by saponification of the 
carbomethoxy groups with LiOH to form a dicarboxylic acid, which was then converted without workup into 
the corresponding anhydride using trifluoroacetic anhydride (TFAA).  With this new dienophile in hand, it 
was treated with 6 at high pressure to perform the Diels-Alder reaction that makes sesquinorbornane scaffold 
7.  This was followed by a Tamao oxidation to convert the silane to alcohol 8 and a diimide reduction to 
reduce selectively the less substituted double bond.  Similar to the anti/syn-7-norbornenol system, this out-
alcohol (9) serves as an ideal control to study the strength of the H-bonding interaction.  Alcohol 9 was 
oxidized to a ketone (10) by treatment with PCC, and then reduced stereospecifically with LiBH4 to form 1.   
 
4.4 Crystallographic and Spectroscopic Data 
 
A single crystal of 1 was obtained through solvent evaporation from a solution in dichloromethane, and 
crystallographic measurements were performed using X-ray diffraction.  The framework crystallographic 
analysis with the alcohol O-H bond constrained to 0.963 Å shows a very close OH--- interaction (predicted 
distances to the sp2 carbons: 1.995 and 2.084 Å), which is in agreement to the predicted distances 1.974 and 
2.076 Å at the B97XD/cc-pVTZ level of theory, as shown in Fig. 3.  No signs of bifurcation of the OH 
bond were noted in the crystal packing.   
A survey of the Cambridge Structural Database (CSD)26 was carried out to identify molecules with 
similar interactions. The search criteria were alcohols coordinated to double bonds (OH---C(sp2) distances 
constrained to 1.8-2.2 Å).  Only one molecule (CSD refcode: JOCQEX), a pentaol that is an intermediate in 
a paclitaxel synthesis, was found to contain a serendipitous interaction that was within the criteria.27  The 
crystal structure records the distances from the alcohol hydrogen to the sp2 carbons as 1.966 and 2.074 Å.  
However, upon investigation of the packing diagram there appears to be some bifurcation in the OH bond.  
In addition, a comparative red shift for the putative hydrogen bonding interaction is hard to estimate as only 




Figure 4.3. (a) Crystal structure of 1 determined from single crystal X-ray diffraction (50% thermal ellipsoids).  The O-H bond distance 
was constrained to the value calculated in the DFT equilibrium calculation (0.963 Å). (b) Equilibrium structure calculation of 1 at 
B97XD/cc-pVTZ.  (c) Crystal packing diagram of 1.  Except for the alcohol hydrogen, all hydrogen atoms have been removed for ease 
of observation. 
 
IR studies of 1 and 9 corroborate the molecular modeling predictions.   When the two OH stretches were 
compared, it was immediately clear the bound alcohol of 1 has a far more intense OH stretch than the free 
alcohol of 9.  Also, the actual red shift in the IR spectrum was in fact greater than the prediction, measuring 
188 cm-1.  These measurements were performed on dilute (10-2 M) samples in dichloromethane.  When the 
solvent was changed to carbon tetrachloride, the interaction was unaffected as 1 was observed to have a red 
shift of 189 cm-1 compared to 9, see Fig. 4.  Such a large red shift would seem to indicate a substantial 
interaction.   
In the 1H NMR the alcohol hydrogen of 1 is found at 4.05 ppm; likely due to the deshielding effects of 
the C=C bond.  Another example of this trend was observed in the proton geminal to the alcohol.  In 1, the 
geminal proton, 4.26 ppm, is pointed away from the olefin and effectively free from the influence of the C=C 
bond.  However, in 9 the geminal proton is noticeably deshielded, compared to 1, at 5.27 ppm.  Another 
indication of how tight the hydrogen is held is the lack of exchange with the deuterated chloroform 
contaminated with traces of DCl.  The integrations of the alcohol peak reveals that only a negligible amount 









Our results show that 1 does indeed contain a tight hydrogen bonding interaction between the alcohol 
and the nonconjugated -system.  This is most evident in the IR spectrum where 1 is red shifted 188-189   
cm-1 from the control system 9 and is shown to contain no unbound alcohol.  In addition, our molecular 
modeling calculations show that 1 positions the alcohol far closer to the double bond compared to previously 
studied systems.  This is a notable change when compared to the previous molecules studied, such as syn-7-
norbornenol, whose bond distances were not too much different from the free-methanol/tetramethylethylene 
system.  With the evidence from both molecular modeling and experimental measurements it is clear that our 
system possesses a more significant hydrogen bonding interaction than previously seen, and thus is a more 
revealing probe of this phenomenon. 
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Investigation of a C-F-C+ Fluoronium Ion in Solution 
 
5.1. Introduction.   
 
To new students of organic chemistry, the story of the halonium ions is almost magical; these strange 
species seem to be counterintuitive to everything they had theretofore learned about bonding by such 
electronegative atoms.  Perhaps the most familiar of the haloniums is the bromonium ion; in its formation, 
bromine, an electronegative atom that normally attaches itself to carbon through a single bond, becomes 
instead a formally positively charged member of a bromocyclopropane ring.1  The first hint of its existence 
came through stereochemical studies, namely the strong preference for trans-addition of dibromine to double 
bonds.  Analogous behavior was documented in chlorination reactions as well.2  In a short span of time, the 
viability of symmetrical chloronium, bromonium and iodonium3 ions, whose stability increases in that order, 
became well established.  However, a gap existed; namely, it wasn’t clear that fluorine, the most 
electronegative atom by most measures, could form a fluoronium ion in which equal bonding exists between 
carbon atoms, i.e. [C—F—C]+.  Given the explosive growth in the importance of fluorine to synthetic,4 
pharmaceutical,5 and biochemistry6 of late, the problem is especially timely – that is, to what extent can 
divalent fluorine be compelled to withstand a formally positively charged environment in solution? 
Assuming that the fluoronium would share similar properties with other halonium ions, it should be able 
to engage in analogous modes of bonding.  For example, bromonium ions can form three-membered rings, 
they can be acyclic, or the bromine can be part of a larger ring.  Thus, the fluorine atom also can be imagined 
as a part of a fluoracyclopropane, with similar bonding interactions (Figure 5.1).  We also note that the system 
may not be symmetric (i.e. both C-F interactions equivalent) depending on substituents; at some point, the 
asymmetrical fluoronium can devolve into an electrostatic interaction.  Such a scenario can be anticipated 







undergoes irreversible fluoride shifts that are initiated by aryl cations.13  More recently Erdélyi et al. were 
able to observe a unique, asymmetric [N-F—N]+ interaction by trapping it as its bispyridine complex.14  
Peterson et al.15 have observed a fluoride shift initiated by a vinylic cation; whether this shift occurred through 
asymmetric fluoronium transition states or intermediates is unclear.  There are also claims in the literature of 
putative symmetrical diarylfluoronium ions (7), although considerations of theory and stability would seem 
to rule both out.16 
 
Figure 5.2. Antecedents. 
 
5.3. Design of System. 
 
Whenever one has to design a new system it pays to start simply.  However, although the simplest system – 
[Me-F-Me]+ - is a stable minimum computationally, the idea that it could exist in solution under any 
circumstances is far-fetched.  In order to imagine a viable system that could at least be generated as a reactive 
intermediate, certain design precepts must be considered: 1) the fluoronium ion should form 
intramolecularly;17 2) the fluorine atom should be positioned between secondary carbons (primary would 
render a system very unstable, whereas tertiary carbons are less likely to form a symmetrical fluoronium);18 
3) we posit that if an ether linkage can fit comfortably between the two carbon atoms, the isoelectronic, 
formally positively-charged fluorine should as well.  
Bearing these conditions in mind, we determined that a cage hydrocarbon19 would be an ideal framework 
to anchor a fluoronium interaction.  Initially, we screened commonly occurring cages that could be modified 
to become a fluoronium ion.  Figure 5.3 shows the theoretical fluoronium molecules as energetic minima 





had to match our original criteria, along with providing identical C-F bond lengths at the energetic minimum.  
Structure 8 is based on cubane,20 9 on adamantane,21 the more fanciful 10 is a distorted dodecahedrane 
dicationic cage, in which the fluorine engages in interactions with three carbon atoms;22 two equivalently, 
the third more distantly.  The tetracation 11, derived from a gaslamp-type skeleton, of course, would likely 
live only in imagination, confirming that theory can only guide us so far.  On the other hand, the most 
synthetically reasonable in our eyes was the basic sesquinorbornane structure 12, which we imagined 
(substituted with an anhydride) could be constructed through a series of diastereoselective Diels-Alder 
reactions (vide infra).  
 
Figure 5.3. Possible fluoronium ion cages. 
Why was our first choice to ensconce a fluoronium within a cage?  Perhaps by releasing the restraints 
that the cage imposes, piece by piece, we can gain insight.  For example, fluoronium 13 is stable relative to 
kinetically accessible isomers at all HF, MP2, and DFT based levels of theory investigated.  Likewise, if we 
remove the anhydride group, the fluoronium interaction appears to be sustained.  However, if we eliminate 
the ethano-bridges, thus removing strain from the system and increasing potential degrees of freedom, we 
see that classical isomer 15 becomes more stable relative to fluoronium 14, which is still a defined 



















Figure 5.4. Loosening restraints in the fluoronium system. 
Another insight was provided by calculations on the intermolecular model, [i-Pr-F-i-Pr]+ (B97, vacuum).  
Fully optimized, the C-F-C angle is 125°, and the C-F bond distances are equivalent (1.61 Å); the C-C 
distance is 2.86 Å.  As this C-C distance is stretched, the symmetrical structure is retained until the C-C 
distance reaches ~ 3.2 Å.  At 3.3 Å, a “classical,” equilibrating structure is predicted.  Thus there are limits 
to the size of C-C distances within a preferred cage, and the framework provided by 13 seems to be closer to 
optimal if not a bit tight (2.66 Å).  Another virtue of this cage is that intramolecular hydride shifts of virtually 
any type are precluded.  For example, a hydride shift could potentially lead to an -fluorocarbenium ion, as 
seen in Equation 2.23  Not only is such a shift sterically impossible in our system, but the calculated energy 
of the -fluoro cation is higher than the fluoronium at several DFT levels (e.g. B3, B97), in contrast to the 
expected trend.  
 
 













































X = H -9.3 kcal/mol












With this result in hand, we reasoned that addition of an electrophile to this unusual alkene 22 must 
involve anchimeric assistance from the lone pairs on the fluorine atom, which would thereby reduce the 
impetus for rearrangement.  In fact, reaction of 22 with Br2 affords the cis-dibrominated product 25 
exclusively.  The crystal structure of 25 determined from single-crystal X-ray diffraction reveals some 
interesting features, including a close interaction of the in-F with two H atoms on the ethano-bridge.  A 
through-space 1H-19F coupling of 4.4 Hz was detected; weaker than the interaction of the two methano-
bridges but still notable.  Although highly selective cis-dibrominations are rare (especially in simple, 
unsubstituted cycloalkenes), similar reactions are precedented.34  Cis-products can be observed in cases 
where a bromonium isomerizes to a carbocation that can undergo free rotation.  In our case this is not possible, 
but a “double inversion” involving assistance from the fluorine would also explain the cis stereochemistry, 
thereby implicating fluorine in an anchimeric role (Scheme 5.3).   
One could argue that the fluorine is merely a steric impediment to the reaction of a trans-bromide ion, 
but we may well expect the aforementioned skeletal rearrangement to resolve this problem.  We turned to 
computations to provide some guidance; calculation of bromonium ion 26 at (B97, CH2Cl2 dielectric) shows 
a significant interaction of both carbon atoms with fluorine through an AIM analysis ( at the BCP = 0.020).  
However, lying slightly lower in energy (0.76 kcal) is the (not quite symmetrical) fluoronium 28, which can 
then be trapped by bromide ion through an internal SN2 reaction to provide the product.  Something along 
these lines may indeed happen, as ion 26 should not normally engage in frontside trapping of bromide.  
Although the explanation is attractive, it does not provide solid proof.  However, the fluorine should not be 
immediately dismissed as just a blocking group, as a number of examples show.   
 






Figure 5.5. Displacement ellipsoid plot (50% probability level) of 25 at 110(2) K. 
 
Scheme 5.4.  Anchimeric assistance in bromination and notable cis-dibromination reactions that may utilize it. 
 
An especially beautiful parallel to the fluorine participation in system 25 can be seen in the work of 
Prinzbach et al.,35 who treated olefin 29 with Br2 and isolated tetrabromide 30.  The “backside” aromatic ring 
evidently participates in the bromination to form a -complex that is in turn trapped by bromide; further 
bromination then yields 30.  The newly-formed C-C bond provides compelling evidence for anchimeric 
assistance, allowing the observer to conclude that the aromatic ring provides more than just steric hindrance.  
Another example36 involves putative participation of an ether oxygen as an anchimeric assistor in an olefin 
whose two faces are sterically hindered.  Last is a case37 involves postulated backside anchimeric assistance 
of a sulfone group to produce a 1:1 mixture of diastereomers in the bromination of cyclobutane 33 (Scheme 
5.4).  
Ironically, premature fluorine participation in these initial attempts may have thwarted the synthesis of 
23.  Our next approach to system 13 instead involved the use of a 5-trialkylsilyl-substituted cyclopentadiene.  





Fleming-Tamao oxidation39 in a subsequent step.  We were optimistic about this approach thanks to several 
transition state calculations, whose relative energies we have found to be quite accurate for fairly nonpolar 
cycloaddition reactions.40  At B97, the two most favorable diastereomeric transition states lie close together 
in energy.  The desired isomer 36 is calculated to be lowest in energy, with 37 only 0.03 kcal higher in energy.  
The other two possible isomers are unlikely to form as the transition states are considerably higher in energy 
(3.5 and 3.9 kcal).  At the very least, this calculation led us to believe that the Diels-Alder reaction would 
have an excellent chance of producing at least some of the desired diastereomer.   
 
Figure 5.6. Transition state calculations for the Diels-Alder reaction of 20 and 40 (B97, vacuum). 
To begin the synthesis, cyclopentadiene 40 was made by the reaction of sodium cyclopentadiene with 1-
chloro-1-methylsilacyclobutane.38 Unfortunately, all attempts at a thermal or Lewis acid catalyzed Diels-
Alder using diene 40 and dienophile 20 reaction utterly failed.  The diene, it appeared, was very susceptible 
to rearrangement41 and decomposition; a finding not surprising in light of the migratory aptitude of 
electropositive silicon groups. 
At this juncture our approach to system 13 appeared to be in serious jeopardy.  As a last resort, we tried 
a reaction under very high pressure; the literature is replete with examples of failed Diels-Alder reactions 
whose fortunes were transformed by a high-pressure apparatus.42  The reaction was conducted in a 10 mL 
syringe (1:3 mixture of 20:40; 3 M in CH2Cl2) for 3 d at 12 kbar.  The crude 19F NMR showed the presence 
of two major diastereomers whose structures we presumed to be those favored by calculation.  Based on the 
prediction of 19F chemical shifts ( = -0.914i + 142.63; i = isotropic shielding at B3),43 the desired 




























Erel = 0.00 kcal Erel = 0.03 kcal






Initially, the hydrolysis of 42 was attempted in several different solvent systems (due to its low solubility 
in pure water).  A particularly well-behaved example was a combination of the polar, ionizing 2,2,2-
trifluoroethanol (TFE)48 and water.  In 70/30 v/v TFE/water, 42 smoothly hydrolyzed to afford 41 in almost 
quantitative yield (98%).  This indicated to us that we had a remarkably stable system with no apparent 
propensity to rearrange; however the identity of the product provided little useful information about the 
mechanism of the substitution reaction.  Consider a number of mechanistic scenarios (Scheme 5.6), such as 
SN1, an SN2 reaction that is “extended” to involve fluorine [SN2(e)], an SN1 “frontside” reaction (SNi),49 a 
garden-variety SN2, or cleavage of an S-O bond.  The penultimate, somewhat less plausible SN2 variant can 
immediately be ruled out as we do not isolate this particular diastereomer, but the others cannot be 
distinguished on the basis of the product, which is the same in all of the cases. 
 













































































































We then turned to an isotopic labeling experiment, which allowed differentiation between various 
mechanistic alternatives; scrambling between positions is a classic indication of a cloaked symmetrization 
process.  We went about labeling our compounds by replacing the hydrogenation step in Scheme 5.5 with a 
deuterated diimide reduction, which upon triflation affords d2-isotopomer 48.  When this labeled substrate is 
subjected to hydrolysis in TFE/water 70/30 v/v, we obtain an approximate (1:1) mixture of isotopomeric 
products 54 and 55.  The situation is now greatly clarified (Scheme 5.7).  Were the reaction proceeding 
through an SN2 or the SNi, a 1:1 ratio would not be expected.  The 1:1 ratio is thus the likely result of equal 
trapping on both electrophilic sites of a symmetrical intermediate.  Although highly suggestive, the case is 
obviously circumstantial.  Circumstantial evidence is most compelling when it is overwhelming – thus we 
sought to accumulate as much evidence for the nature of this symmetrical intermediate as we could.  In 
particular, kinetic experiments, especially isotope effect studies, proved to aid us greatly. 
 
Figure 5.7.  Displacement ellipsoid plot (50% probability level) of 42 at 110(2) K.  The distance of the C-H bond opposite 
the fluorine was restrained to match the value calculated from the DFT equilibrium calculation (1.08 Å) using the DFIX 






Scheme 5.7.  Mechanistic outcomes for the hydrolysis of 48. 
 
In order to predict isotope effects using DFT,51 we need information about the putative transition states.  
We performed calculations to find potential transition states for the ionization of 42 and trapping of 
fluoronium 13 at several levels of theory.  For example, a transition state for the ionization of triflate 42 (at 
B97, H2O solvent model) was found to reveal some interesting features.  The distance of the ionizing C-O 
bond is 2.37 Å; the structure also shows a forming C-F bond as well (d = 2.20 Å).  Thus the fluorine atom 
rapidly closes in on the carbon as the ionization proceeds.   
Calculation of the transition states using other functionals (M06, PBEPBE) afforded comparable results 
in terms of geometry.  The activation free energy for the process is calculated to be 26.5 kcal/mol at 55 °C 











































































































































thermochemistry of such calculated reaction pathways should be approached with a high degree of caution,52 
and mechanistic conclusions derived therefrom subject to experimental verification.  A salient example of 
this danger is provided in the calculated (SN1) mechanism of the reaction of water with triflate 42.  The 
transition state for trapping of fluoronium 13 by water was also modeled; the distances of the 
forming/breaking bonds were similar if not identical to the ionization of triflate 42 (C-F = 2.23 Å; C-O = 
2.34 Å; B97, H2O solvent model).  At B97 (H2O dielectric), the second, water-trapping step is predicted to 
be rate-determining.  It is obvious that the difference in the charged nature of the transition states, and the 
role of specific solvation combined with the continuum solvent model give rise to an erroneous conclusion 
in terms of the energy.   
 
 
Figure 5.8. Calculated free energy of ionization for triflate 42 (B97, aqueous dielectric). 
As mentioned, we proposed an “extended SN2” reaction as a viable mechanistic alternative, a possibility 
seemingly ruled out by the labeling study.  In addition, neither the kinetics (m value > 1)53 of the reaction nor 
the stereochemical outcomes are consistent with this exotic form of the SN2.  What is more, we were 
unsuccessful at locating transition states that would describe this process.  In fact, there is a very strong 
tendency for nucleophiles/Lewis bases to interact with the methano-bridges of system 13 through hydrogen 
bonding instead of engaging in incipient nucleophilic attack.  For example, the depicted structure of a 






























Common ion studies are often used to shed light on the role that ion pairs play in solvolysis reactions.57  
We chose LiOTf a point of comparison; in the presence of varying quantities of (0.01 – 0.1 M) LiOTf, the 
rate of reaction remains essentially the same within error.  Consistent with this observation, recovered starting 
triflate 48 does not scramble its labels to any measurable extent; monitoring the solvolysis of triflate-d2 48, 
we see no isomerization that would be indicative of external return.  These results are not surprising – given 
the very low nucleophilicity of the triflate ion, it possesses little ability to compete with the water in the 
solution.  
     
As shown, hydrolysis and alcoholysis experiments were generally performed in mixtures of water and 
polyfluorinated alcohols.  We most commonly employed TFE; rate trends in mixtures of TFE and various 
proportions of water comport with those expected for SN1 reactions.  Rates in mixtures of 1,1,1,3,3,3-
hexafluoro-2-propanol (HFIP) and water (70/30 v/v) are only slightly higher than those of analogous mixtures 
in TFE and perfluoro-t-butanol (PFTB) and significant conclusions are difficult to reach (Scheme 5.8).  On 
the other hand, what about the pure alcohols themselves as reaction media?  Polyfluorinated alcohols such as 
TFE are unusual solvents in several ways; for example, whereas the ionizing power increases in the order 
TFE < HFIP,58 the dielectric constant decreases as TFE > HFIP.59  Thus, as their ability to ionize substrates 
increases, their corresponding ability to dissociate ion pairs decreases.  The properties of the pure solvents 
give rise to an interesting observation; in pure TFE, the rate of alcoholysis of 42 is 10 times greater than in 
HFIP,60 and more than 1000 times greater than PFTB!  This would suggest that the RDS of the triflate 
solvolysis has changed – instead of ionization, the RDS is now nucleophile trapping.  Ingold et al.61 first 
documented this behavior in the context of triarylmethyl halide solvolyses, and a subsequent convention 
settled on the (somewhat misleading) name SN2C+ to specify this mechanistic variant.62  It is a less common 
phenomenon, and usually occurs in the context of highly stable and hindered carbocations.  On the other 





triflate 42 could be responsible for inhibition of ionization.  In light of Creary’s results on the generation of 
-keto carbocations from the respective triflates,63 this seems much less likely, but must be considered. 
 
 
Scheme 5.8.  Effects of solvent on solvolysis rate. 
 
If we were seeing a change in the RDS, then a simple experiment would confirm the hypothesis.  Under 
hydrolytic conditions (e.g. 70/30 v/v TFE/water), recovered quantities of labeled triflate 48 show no isotopic 
scrambling, consistent with the fast trapping of water by the cationic intermediate.  However, when the 
reactions are conducted in pure TFE, evidence of a partial degree of scrambling is shown by NMR (~10%), 
in addition to formation of the ether product.  When either HFIP or PFTB is employed, complete scrambling 
is observed in recovered triflate (48:60 = 1:1), confirming that the cation-forming transition state is 
surmounted but the RDS has changed so that alcohol trapping is now rate determining (Scheme 5-8).  These 
results illustrate the difference between solvents that foster ionization and those that promote dissociation; 
whereas water promotes both, the polyfluorinated alcohols are ionizing, but much less dissociating (smaller 
dielectric) than water.  Hence “tight” ion pairs form in these media that can collapse back to the starting 
triflate.  In aqueous media, however, dissociation is rapid and irreversible (i.e. lack of a common ion effect).  
Finally, the nucleophilicity of the pure alcohols is low, thereby increasing the barrier of the second step.  In 







Figure 5.11. Effect of base and In(OTf)3 on the rate of solvolysis of 42. 
This solvent dependent mechanistic “switch” prompted us to investigate other methods by which the SN1 
reaction coordinate could be altered.  Two experiments immediately come to mind.  The first endeavors to 
answer the question whether the addition of a base could lower the energy of the second transition state of 
the reaction by improving the nucleophilicity of the solvent molecules, as well as scavenging any triflic acid 
formed in the reaction (additional base has virtually no effect on the rates of solvolysis in aqueous media).  
The second experiment would be the addition of an alcohol-tolerant Lewis acid such as In(OTf)3.  In theory, 
the Lewis acid could coordinate to the triflate leaving group to aide in its removal, thus lowering the barrier 
of the first transition state.  This in combination with a non-coordinating base could result in an even greater 
increase of the rate than with the base alone.  For these experiments we chose to use HFIP as solvent and 2,6-
di-tert-butylpyridine (DTBP) as the non-coordinating base.  Initially it looked as though our theory was 
correct.  In a conventional solvolysis reaction with 42 and the Lewis acid (0,1M In(OTf)3, 65 °C) we observed 
no discernable change in rate, compared to pure HFIP.  Which was expected as the second step is rate 
determining.  Then we attempted the same solvolysis reaction with base alone (1.5 eq. DTBP, 65 °C), and a 
large increase (34 times compared to pure HFIP) in rate was observed.  However, when 0.002 M In(OTf)3 
was added in addition to the base,  the rate of reaction was found to decrease slightly to 31 times faster than 
pure HFIP.  At much higher concentrations of Lewis acid (0.1 M) the reaction rate decreased to five times 
that of pure HFIP.  A possible explanation for this surprising result could be that deprotonated 
hexafluoroisopropoxide may be tied up through binding to In(III) (Scheme 5.9).  This would counteract the 
effect of the base, and again make the nucleophile trapping step rate determining.  Also, It is not out of the 
realm of possibility that liberated triflate ions from the Lewis acid may also play a role.  These findings 
demonstrate that a change in rate-determining step in an SN1 reaction can produce counterintuitive, if not 







Scheme 5.9.  Putative mechanism for the solvolysis of 42 in the presence of DTBP and In(OTf)3, showing the trapping of 
the alkoxide.  
 
 
These data can be summarized by comparison of qualitative reaction coordinate diagrams A-D (Figure 
5.12); for simplicity’s sake, ion pairs are neglected.  In a lower nucleophilicity, higher ionizing medium (pure 
HFIP), the first step of the solvolysis reaction, loss of the triflate group (TS1‡), decreases in energy, whereas 
the second step, nucleophilic attack by the solvent (TS2‡), increases (A  B).  When a hindered base is added 
(2,6-di-tert-butylpyridine) the energy barrier of the second step drops significantly, such that the rate is 
greater than in the mixture of HFIP and water by almost a factor of two (B  C).  When In(OTf)3 is added, 
quenching the alkoxide, the second step presumably increases in energy once again, and triflate is liberated.  
The fact that a large decrease in rate occurs in B  C indicates that a common ion effect must be considered 
as well.  This was shown to be unlikely as the addition of LiOTf (0.1 M) to a solvolysis reaction in pure HFIP 
has no meaningful effect on the rate.  In addition, the previously discussed analogous control reaction (0.1 
















































Figure 5.12. Alterations to the reaction energetics of the solvolysis reaction of 42 due to solvent effects and additives. 
 
5.6. Kinetic and Equilibrium Isotope Effects. 
 
In our original report, we used deuterium atoms as labels to differentiate between the two alcohol or 
ether products of a putative fluoronium intermediate for purposes of integration.  The deuterium atoms were 
positioned remotely to the [C-F-C]+ array; thus integration resulted in a 1:1 ratio (within the error limits of 







Scheme 5.10.  Basic isotopic labeling study.  Products are either alcohols or ethers depending on the presence of water. 
 
It occurred to us, however, that even though the labels were remote, they may still exert a steric effect64 
in the transition state for both (SN1) ionization of triflate 48 and the trapping of cation 49 by water.  In fact, 
triflate-d2 48 ionizes 1.04 times faster than 42 (kH/kD = 0.9630.003) as indicated by careful integration of 
product mixtures.  This measurement is in rough concord with isotope effect calculations at (B97 and B3), 
in which the free energies of labeled and unlabeled transition states for ionization of 42 and 48 were compared 
in a water dielectric (kH/kD = 0.90 and 0.95, respectively at 328 K).   
Owing to deuterium atoms being effectively “smaller” than hydrogens, trapping of water proximally to 
the deuterium atoms should also be favored.  Thus, the ratio of products 54:55 is measured at 0.93.  The 
calculated isotope effect for trapping of water likewise predicts the same direction in close agreement to the 
experimental  (kdistal/kproximal = 0.93 and 0.94 at B97 and B3, respectively at 328 K).  Most importantly, these 
product ratios do not change with conversion, whereas the isotope effect for consumption of triflate 48 trends 
towards 1.00 at 100% conversion.   In the case of water trapping, the isotope ratios are the same as measured 
at 10% conversion; this observation is in line with the trapping of a symmetrical intermediate.  
 





More interesting and relevant would be the introduction of deuterium labels on the carbon atoms 
anchoring the [C-F-C]+ bond; this, however, represented a synthetic challenge.  We know that out-alcohol 41 
(Scheme 5.11) can be oxidized (PCC, CH2Cl2, 75% yield) to ketone 69, and reduced again with LAH to 
effect an epimerization to in-alcohol 47 (32% yield).66  By using LiAlD4 (LAD), a deuterium label can be 
introduced - to the OH group to form in-alcohol 71 (34% yield, >98% D incorporation).  It should be noted 
that the anhydride of the caged system is virtually inert to hydrolysis or reducing agents;65 the trajectory 
needed for nucleophilic attack is precluded by steric interference from C-H bonds residing on the ethano-
bridges. 
At this point a fortuitous discovery was exploited; in an attempted triflation of in-alcohol 47,66 we instead 
isolated out-triflate67 42 in high yield (94%).  Apparently the in-triflate 70, being more strained (calculated 
activation free energy of ionization = 22.3 kcal/mol (B97, 40 °C, CH2Cl2 dielectric), ionizes very rapidly, 
and retraps the triflate ion in the out-position.  Thus, we can effectively use this in situ triflation to epimerize 
the in-labeled alcohol 71 back to the out-position.  Note, however, that this triflation/rearrangement produces 
a mixture of label isomers 72 and 73 in the ratio of 1.14:1.  If we can turn our attention back to the transition 
state 67 for trapping of triflate ion by the fluoronium, we can see why.  The calculated isotope effect 1.07 
(B97, 40 °C, CH2Cl2 dielectric) and more accurately at B3 (kdist/kprox = 1.12, 40 °C, CH2Cl2 dielectric) is 
congruent with what we observed, and represents a normal -secondary deuterium isotope effect (Scheme 
5.11).  What is more, the predicted transition state (B97, CH2Cl2 dielectric) for ionization of the in-triflate 70 
is a fascinating structure in its own right; it reveals a highly unusual SNi reaction with very evident frontside 
participation of fluorine (C-F distance = 2.71 Å, C-O distance = 2.20 Å).  An atoms-in-molecules (AIM) 
analysis reveals a bond critical point (BCP) between F and C in the transition state, indicating some type of 






   
  
Scheme 5.11. In-to-out isomerization upon attempted triflation of alcohol 71 and the installation of isotopic labels in the 
C-F-C array.  Picture: calculated transition state for ionization of 70 showing frontside participation of fluorine. 
 
However, we must be careful in interpretation; if fluorine assists in the transition state, a remote isotope 
effect would be expected to diminish the phenomenological effect from the otherwise “limiting” value (which 
can be as high as ~1.468 for pure SN1 reactions in related systems).  A remote isotope effect on trapping of 
water also means a remote effect on ionization.  An additional experiment, starting with the labeled triflates 
72 and 73, allows us to separate the remote KIE from the -secondary KIE upon ionization.  To start, triflation 
of a 1:1.14:1.5 mixture of -labeled isomers 74 and 75 and protio-42 produces a perfectly corresponding 
ratio of labeled triflates that are then isolated.  As we have established an SN1 process and rate determining 
ionization, we can now take the liberty of measuring KIEs by internal competition.  A competition was set 
up between isomer 72, isomer 73, and unlabeled isomer 42 in the said ratio (1:1.14:1.5).  Two significant 
kinetic isotope effects were measured; the first, representing the rate of consumption of labeled isomer 72 
(geminal D) versus unlabeled triflate, was found to be kH/kD = 1.22 0.01, once again a significant -













































































is 1.13 at 65°.69  On the other hand, kH/kD = 1.040.01 for the position to the fluorine atom (removed 
through space from the position of the triflate group).  The fact that a measurable remote KIE70 exists is 
indicative of participation of the fluorine in ionization, once again consistent with the model.  Ipso facto, if 
fluorine is participating in ionization, it participates that much more heavily in the cationic species, thus 
disfavoring a rapidly equilibrating set of classical isomers (Equation 5).  On the other hand, one can argue 
that remote effect may be at least partly attributable to relief of steric strain upon ionization, although the 
computational model strongly favors direct participation of fluorine.   
Predicted isotope effects were derived from analysis of the transition state of 76, (B97, 55°C, water 
dielectric) and computed to be kH/kD ( position) = 1.27 and kH/kD (remote position) = 1.07, roughly in line 
with what we found.  Finally, isotope effects for the trapping of water by substrates 74 and 75 were found 
once again to be 1.14.  These results are very important from a confirmatory standpoint – given 
stereochemically unique substrates (both out- and in-triflate isomers), we observe the exact same outcome, 
thus implying the exact same intermediate.  Regardless of the starting ratio, the presence of a fluoronium 
intermediate commands an identical ratio of label isomers, which is what we observe. 
 
Scheme 5.12. Kinetic isotope effects for the hydrolysis reaction as a result of the isotopic labeling of the [C-F-C]+ 
positions. 
 
We thought at this point in time that it would be good to calibrate the method for kinetic isotope effect 




































































In general, most seem to be in fairly good agreement, including B3 and B97 (the latter chosen for its ability 
to take good account of dispersion effects).71 
 
 
   
Scheme 5.13.  Comparison of calculated isotope effects at various levels of theory (water dielectric, 55 C°). 
 
One potential criticism of the overall model is that in situ protonation of alcohol 75 followed by 
ionization can produce isotopic scrambling in the product.  When we subjected isotopomers 74-75 and 77-
78 to calculation, we predict an equilibrium isotope effect72 at B97 of 0.93, which is inverse to what is 
expected from a KIE.  That, in addition to the lack of scrambling in alcohol 54 when treated with strong acid 
at high temperatures (Equation 6), leads us to rule out equilibration as a source of isotope effects under all 
circumstances. 
 





































































The transition state models for hydrolysis all predict substantial fluorine participation.  Fluorine’s role, 
borne of its propinquity, would appear to be both inherently stabilizing as well as space-filling.  This begs 
the question, what would happen to the rate if fluorine were absent from the system?  The obvious 
comparison, for which rate data exist, is the 7-norbornyl triflate system.  At 65° C, triflate 42 solvolyzes in 
anhydrous TFE almost 100 times faster than does 7-norbornyl triflate.69  Although implying a stabilizing role 
for the fluorine, one should bear in mind that system 42 also relieves strain upon ionization.  The presence of 
the electron-withdrawing anhydride group in 42 is expected to retard the rate of hydrolysis of 42 with respect 
to 80, leading to an underestimation in the effect that the fluorine plays in hydrolysis.  The issue here is that 
the simple 7-norbornyl framework is structurally removed from that of system 42, and is perhaps not an ideal 
control. 
 
Scheme 5.15.  Rate comparison of triflate 42 to 7-norbornyl triflate 80. 
 
5.7. Further Investigations. 
 
It is doubtful that an “ideal” control would exist for this system.  Nevertheless, the most conservative 
control is one in which only the F atom is removed or replaced.  A model system such as triflate 82 should 
provide an illuminating contrast.  It is nearly identical to triflate 42, shorn of fluorine’s participation.  Instead, 
a hydrogen atom replaces fluorine, but the anhydride group and the same general amount of strain remain.  
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(and it is very likely that a cationic reactive intermediate in the hydrolysis of 84 is -hydrido-bridged) as 
Sorensen et al.73 McMurry et al.,74 and others have shown.  -Hydrido-bridging is no longer a controversial 
topic and is known to provide an energetic benefit to numerous carbocationic systems; a comparative system 
would allow us to benchmark -hydrido-bridging versus fluoronium formation.  In any case, the rate 
comparison of control 82 places a lower limit on what stabilization may be expected through fluorine 
participation.  We found triflate 82 to be less reactive to hydrolysis than triflate 42 at 65 °C by a factor of 
2.7, implying a modest stabilizing role for fluorine in the transition state for hydrolysis exceeding that for -
hydrido bridging, as paralleled by our previous isogyric equations (Scheme 5.16). 
The activation free energy for SN1 ionization of 57 is computed to be about the same as that of triflate 
84 at B3 (H2O dielectric, TS for ionization of 82 at B97 was not found).  Although there is no calculated free 
energy gap between them, a comparison of the transition state geometries is more illustrative and tells a 
different story.  In both cases, anchimeric participation plays an evident role in stabilizing the transition states 
(F and H).  Firstly, both the C-H and C-F bonds have lengthened a small amount in the transition states.  
However, in the case of 84, the scission of the C-O bond has progressed much further (2.73 Å versus 2.37 Å 
for 57).  The X—H distance is lessened in 84 (X = H, 1.86 Å) v. 57 (X = F, 2.20 Å); in simple terms the H 
moves much more than F in its transition state.  The conclusion is that 84 represents a somewhat “later” 
transition state.75  While H and F both participate (anchimerically assist), F is apparently more effective than 
H in this role. 
 






















































Scheme 5.17. Synthesis of -hydrido control 82. 
 
The synthesis of control 82 parallels that of triflate 42 (Scheme 5.17).  Known dienophile 8576 is treated 
with silane 40 under high pressure (12 kbar) for 72 h; the silane is immediately cloven by a Fleming-Tamao 
oxidation (15% yield).  This is followed by hydrogenation with palladium on carbon (95% yield) and 
triflation (94% yield) to afford the product 82, which can be purified by chromatography on silica.  The 
synthetic method can be seen in Scheme 5.17.  
Thanks to our labeling studies, a role for the SN2(e) reaction has been ruled out in the hydrolytic reactivity 
of triflate 42.  However, what would happen if the reaction conditions strongly favored an SN2(e) mechanism 
and disfavored an SN1?  Would that be enough to force the reaction to follow the SN2(e) pathway?  The 
answer seems to be no - employing a reactive SN2 nucleophile (NaN3, 15-crown-5) in a fairly non-ionizing 
solvent (benzotrifluoride) at 106 °C affords a reaction, but only in low conversion (~10%) over extended 
periods of time (4 d).  Use of labeled triflate 48 confirms that this reaction proceeds through an SN1 
mechanism (~1:1 ratio of isotopomeric products (Equation 7).  An examination of models indicates that the 
triflate 48 simply presents a very poor possible attack trajectory for SN2 reaction.  This result is also consistent 
with what is seen in the well-studied 7-norbornyl system; SN2 attack at the 7-position27 is disfavored 
sterically, in contrast to conventional secondary systems.  To summarize, we have found no conditions in 





































Scheme 5.18.  Fragmentation pathway of 89 and 13. 
 
One of the notable features of the cage system is its resistance toward rearrangements.  In some 
hydrolysis experiments of triflate 42, the yields of alcohol 41 are close to quantitative.  The analysis of the 
mass spectrometry of cation 13 can provide some fundamental information on the basic reactivity of the cage.  
Although not solution-phase experiments, they are illuminating nonetheless.  For the fragmentation 
experiment we first chose the previously synthesized iodide adduct 89 as a starting point.  Electron impact 
ionization of 89 produces four major fragments in the mass spectrum (the parent ion is formed in trace 
amounts).  A prominent mass corresponding to cation 13 is present; its identity can be confirmed by exact 
mass as well.  The other two major fragments can be rationalized by sequential extrusion of CO (m/z = 221) 
and CO2 (m/z = 177).  Optimization of ion 90 (vacuum) (B3, B97) also reveals a symmetrical fluoronium 
structure (Cs symmetry).  However, loss of CO2 produces a putative bishomocyclopropenyl ion77 in which 
the hypervalency of fluorine is disrupted.  Finally, expulsion of 2-cyclopenten-1-yl cation (m/z = 68) through 
92 represents the fourth fragment.  Overall, the ionization pattern is generally clean and straightforward, 
confirming the potential energy surface for the formation and decomposition of 13 is fairly uncomplicated.  






Often in discussions of three-center bonding the question arises as to the viability of the so-called 
“classical,” or two-center, alternative.  In the case of the fluoronium system 13, a classical alternative is not 
a stable minimum on the calculated potential energy surface.  In order to estimate the energy of a hypothetical 
classical structure, we employed the procedure of Schleyer et al.78  Namely, the corresponding radical was 
optimized and then corrected by the computed vertical ionization energy.  The resulting artificial cation was 
found to be 21 kcal (B3) and 22.6 kcal/mol (B97) higher in energy than fluoronium 13 - no wonder it is not 
a minimum.  It is a reasonable assumption that a carbocationic center will derive stabilization from any nearby 
lone pair of electrons (in this case from the fluorine atom).   
 
Scheme 5.19.  Schleyer method for the calculation of the “classical” carbocation. 
Although electron-counting schemes are arbitrary and sometimes hazardous to interpret, a trend can be 
discerned upon formation of the fluoronium from a model precursor such as 17 through a hypothetical 
hydride transfer (B97, vacuum).  The fluorine atom becomes more positively charged, as do the two 
hydrogens on the methano-bridges.  This gives some credence to the hydrogen bound, dihydrated cation 59.  
On the other hand, the carbon atoms become more negatively charged, a pattern that may be ascribed to a 
natural consequence of three-center, four-electron bonding.     
 
 
Figure 5.15.  Comparison of charge disposition upon fluoronium formation (B97 vacuum; trend holds for other 


































































  We have sought to expand upon our initial evidence with a comprehensive study involving several lines 
of experiment and argument to reach a more compelling conclusion about the generation of the putative 
symmetrical fluoronium ion 13 in solution.  In turn: 1) isotopic labeling studies show scrambling consistent 
with the trapping of a symmetrical intermediate; 2) rate measurements reveal the operation of an SN1 
mechanism through which a fluoronium ion must be generated; 3) in pure polyfluorinated alcohols, the RDS 
of the reaction changes from ionization to nucleophile trapping on a presumably hindered carbocation; 4) 
kinetic isotope effect (KIE) experiments are consistent with precedent and calculation in implicating 
participation by fluorine in the transition state for ionization of 42 (with unusual remote isotope effects 
reinforcing this conclusion) thus disfavoring the historically oft-postulated “rapidly equilibrating set of 
isomers” alternative; 5) Starting with an epimeric precursor that hydrolyzes through a putative frontside SNi 
mechanism involving fluorine participation, KIE studies indicate that the identical intermediate is trapped 
(the fluoronium ion).  6) Isotopic distributions in the trapping of putative ion 76 by water are invariant to 
concentration and conversion and are also consistent with a symmetrical intermediate; 7) Comparisons with 
control compounds reveal probable anchimeric assistance in the transition state for the hydrolysis of 42; for 
example, one experiment demonstrated fluorine’s role from an energetic standpoint relative to commonly 
encountered -hydrido-bridged systems; 8) Computations at multiple levels of theory all agree fairly well on 
the structure of the fluoronium and the transition states leading thereto.  Thus we can reach the notable 
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The chemical history of reactive intermediates generally follows a well-trodden path.  Indirect evidence 
allows a postulate; alternatively a theoretical prediction is followed by indirect evidence.  Direct evidence 
often appears some time later in the form of a fast spectroscopic technique; finally, direct evidence in the 
form of a stable species completes the story's arc and convinces most skeptics of the intermediate's existence.  
In the case of C-F-C fluoronium ions,[1] initial postulation by Olah[2] was followed by pioneering indirect gas 
phase-based evidence reported by Morton.[3]  Gabbai more recently provided evidence for a novel cation that 
oscillates between two classical structures wherein a fluorine atom ‘jumps’ between two carbon centers.[4]  
We contributed some time later with indirect evidence, heavily reliant on isotopic labeling studies, for a 
transiently-formed symmetrical [C-F-C] fluoronium ion (1) in solution derived from the hydrolysis of triflate 
2 (Scheme 6.1).[5]  In the tradition of classical studies of reactive intermediates, we now have found direct 
spectroscopic evidence for the formation of a symmetrical fluoronium ion in solution as a surprisingly long-
lived species generated at low temperature in a nonnucleophilic medium.  
 
 
Scheme 6.1. Formation of a fluoronium ion as a transient intermediate. Its symmetrical nature was determined by isotopic labeling 
experiments. 
 
6.2. Initial Attempts and Synthesis. 
We first attempted ionization of both triflate 2 and alcohol 3 in Magic acid medium (SO2ClF solvent, -
120 °C).[6]  In all cases we observed decomposition, likely resulting from the protonation and dissociation of 
the fairly basic anhydride group.  This result led us to conclude, erroneously, that the basic system 
represented by 2 and 3 was not appropriate for Lewis acid studies, though it had proved to be extremely 
























the desired cation in solution through ionization of difluoride 4,[9] which was synthesized from alcohol 3 by 




Scheme 6.2.  Synthesis of difluoride 4. 
 
We reckoned that there was a reasonable chance that the desired "outward" pointing fluoride would be 
abstracted preferentially, as the resulting fluoronium would be substantially more stable (as predicted by 
various DFT methods) than other potential isomers (Scheme 6.3).  On the other hand, we once again feared 
that coordination to the anhydride (this time by SbF5) would lead to decomposition. 
 
 
Scheme 6.3.  Possible defluorination pathways of 4.  Ion 1 is predicted to be more stable than its counterparts 5 and 6.[5a] 
 
6.3. Ionization Experiments 
 
With difluoride 4 in hand, we attempted an ionization (SO2ClF, excess SbF5, -120 °C) and monitored it 
by 19F NMR.  Starting difluoride peaks appear at –179.6 ppm (in) and –198.6 ppm (out) in either SO2ClF or 
SO2; upon addition of SbF5 a new peak appears cleanly in between the two substrate peaks (-188.2 ppm).[12]  

















































It is difficult to conclude anything about the precise charge at fluorine from the 19F NMR spectrum, as 
the correlation therebetween for this particular nucleus is somewhat complex.[15]  On the other hand, the 
various positions of the 13C and 1H chemical shifts in the cation suggest that most of the positive charge 
thereupon is unsurprisingly shifted away from the divalent fluorine.  Nevertheless, as is the trend with other 
onium ions,[16] the calculated charge at fluorine moves in a more positive (less negative) direction from the 
neutral.  It is this trend that represents the important factor, and explains the extraordinary historical difficulty 
in making theoretical predictions of C-F-C fluoronium ions come true in solution. 
 
Figure 6.1.  Formation of 1•SbF5 in SO2ClF or SO2. 
6.4. Saunders Perturbation Test 
The most important question to answer is whether the structure is truly symmetrical, with fluorine bound 
equivalently to both carbon atoms.  The preliminary NMR data are strongly indicative, but not quite 
definitive (all DFT levels as well indicate a symmetrical structure).  One notable approach to the classical 
versus nonclassical question lies in the Schleyer-Lenoir-Prakash-Olah chemical shift additivity test.[17]  The 
authors state: "the total 13C chemical shift difference between a carbocation and the corresponding neutral 
hydrocarbon also provides a rough, but useful, structural index.  Classical carbocations show large chemical 
shift differences, typically 350 ppm or more, whereas related nonclassical cations display differences often 
hundreds of parts per million less."  We measured the chemical shift additivity of system 1•SbF5 as 111.8 
ppm, which is well within the nonclassical realm (Scheme 6.5).  Factoring in the effect of SbF5 coordination, 
this value presents an upper limit on the difference that would be expected in the uncoordinated cation. 
 























To settle the crucial symmetry issue once and for all, we turned to the venerable Saunders isotopic 
perturbation test.[18]  For an isotopically-labeled symmetrical structure, the difference in chemical shift of the 
bridging carbons should be on the order of 1 ppm or less.  On the other hand, a labeled equilibrating structure 




Figure 6.2. Structure of 1 compared to hypothetical equilibrating classical cations. 
Synthesis of the labeled precursors was achieved by treatment of alcohol 9[19] with Xtalfluor-E and DBU, 
as in 3 (Scheme 6.6).  The fact that the deuterium is scrambled is indicative of transient fluoronium ion 
formation in the fluorination reaction.  In addition, while 3 requires elevated temperature to fluorinate, 
labeled alcohol 9 reacts at room temperature, as there is more strain to be relieved upon C-O bond cleavage.  
Upon ionization, both labeled precursors 10 and 11 lead to the identical cation 12 (Scheme 6.6).  The 






Scheme 6.6.  Synthesis of a deuterium labeled fluoronium ion. 
The integrity of cation 1 is maintained for hours even at temperatures as high as -40 °C.  Quenching at 





































































alcohol 3, and starting fluoride 4 (Scheme 6.7).  The reformation of the fluoride is unusual and implies either 
a very fast hydrolysis of the fluoroantimonic ions in solution, or also likely, abstraction of fluoride from said 




Scheme 6.7.  Products of quenching the fluoronium ion. 
 
6.5. Charge and Nuclear Shielding. 
 
As we have generated an unusual type of chemical environment for fluorine, many questions about its 
exact nature arise.   For one, how does the fluoronium ion compare to onium ions of the other second row 
elements (O and N)?  As previously discussed, the inward fluorine atom in the starting material becomes 
more shielded in the fluoronium product.  There has been some success with the use of 17O NMR to 
characterize oxonium ions, though these experiments are quite difficult to interpret due to low abundance 
and high signal broadening.  Nonetheless, Olah and co-workers found that the 17O nuclei in oxonium ions 
are generally deshielded compared to their parent alcohols and ethers.[20]  For nitrogen (observed with 15N 
NMR), the result seems to depend on the situation; the nitrogen in protonated trimethylamine is deshielded 
relative to the free base,[21] while the nitrogen in tetramethylammonium bromide is shielded relative to 
trimethylamine.[22] 
In the case of fluoronium, there is another complication: the fluorine is a part of a molecule more 
complex than those in the ammonium and oxonium examples, and its chemical shift in both precursor and 
cation arises from a multitude of different factors.  The in-fluorine of the starting difluoride experiences 
'jousting' interactions[9] with the in-hydrogen atom on the opposing bridge, leading to orbital compression[23] 
and strong nuclear deshielding.  Thus, the fact that the 19F nucleus becomes more shielded as it transforms 
from difluoride 4 to fluoronium 1 is not dominated by factors that would be present for a generalized alkyl 


































We turned to DFT calculations to shed more light on this issue.  GIAO NMR calculations (B97XD/6-
311+G**) of 1 and 4 show the fluoronium to be shielded relative to the difluoride by 10 ppm (experimental 
value is 7.5 ppm).  For comparison, we calculated GIAO values for isopropyl fluoride and the unknown 
diisopropyl fluoronium as a much less strained model system.  In this case, the fluoronium is deshielded by 
68 ppm relative to isopropyl fluoride.  Thus it appears that, as with nitrogen, whether the fluorine nucleus is 
shielded or deshielded and to what extent is highly dependent on the specific species. 
Another question that arises concerns to what degree are the bonds between fluorine and the carbon 
atoms covalent.  An atoms-in-molecules (AIM) analysis[24] shows a substantial bond critical point (BCP) 
between the carbon atoms and fluorine, characteristic of a strong bonding interaction.  Furthermore, C-F 
coupling constants also provide a rough guide to bond strength.  In difluoride 4, the 1-bond C-F coupling 
(for the in-F) is 213.7 Hz.  In the fluoronium ion 1•SbF5 this decreases to 135.7 Hz, still quite large, indicating 
that significant spin transfer occurs between the fluorine and carbon nuclei; this is consistent with two fairly 
strong bonding interactions.  While the difference between coupling constants in 4 and 1•SbF5 is large, the 
value for the latter is not so far outside the range observed for other covalent C-F bonds; for example, 1JCF in 
1-fluoropentane is 160 Hz and 1JCF in tert-butyl fluoride is 162 Hz, both of which are closer to 1JCF of 1•SbF5 
than 4.  In addition, the coupling constant of 4 is more in line with that of strained alkyl fluorides (215 Hz 
for fluorocyclobutane and 221 Hz for fluorocyclopropane, compared to 174 Hz and 170 Hz for 
fluorocyclopentane and fluorocyclohexane).[25]  Significant covalent character is also corroborated by NBO 




In conclusion, the spectroscopic evidence reported in this chapter is definitive for a [C-F-C]+ fluoronium 
ion in solution. NMR studies (19F, 1H, 13C) and an associated Saunders test reveal a symmetrical cage-like 
species in which fluorine exhibits substantial and identical covalent bonding to each of the two carbon atoms 
involved in the three-center bond, plus ancillary coordination of the species to SbF5.  Experimental NMR 
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Our lab has recently reported on a photochemical reaction that is capable of effecting selective C-H 
fluorination in a site-selective fashion on a wide variety of steroid derivatives (Figure 7.1, 7.2).  The reaction 
can be carried out under direct UV photolysis conditions1, or using visible light with benzil as a 
photosensitizer2.  The reaction is fascinating in that it is able to effect selective functionalization at a wide 
variety of different steroidal C-H bonds in a substrate-controlled fashion, using a steroidal carbonyl group as 
a directing group.  Additionally, the reaction conditions are very simple; in the case of direct photolysis, only 
the substrate and selectfluor fluorination agent are required.  Upon irradiation at 300nm in acetonitrile, 
fluorinated product will form selectively and in moderate to good yields.  In the case of visible light 
photocatalysis, only the inexpensive benzil is required in addition to the aforementioned components.  These 
conditions have an advantage in that visible light sources are much less expensive than UV sources, and 









Despite the great practical utility and technical simplicity of these reactions, until this point virtually 
nothing has been known about the mechanism of this reaction; selectfluor traditionally is known as a two-
electron electrophilic fluorine source,3 and while we have previously done some work in terms of elucidating 
what is physically occurring during its one-electron chemistry,4 those systems involved metalloredox 
processes rather than photoredox, and it was unknown what similarities, if any, they have with the mechanism 




Figure 7.2. Visible light and UV conditions for the fluorination reaction with example substrate and product. 
 
Thus, we sought out to attempt to elucidate the mechanism of these photochemical fluorination reactions.  
The work is not yet completed, but we have devised a strong hypothesis that explains the results that have 
been occurring, and the data acquired thus far appears to confirm it. 
 
7.2. Fluoride Formation. 
 
Since its inception, we have observed the formation of fluoride over the course of the reaction, in the 
form of hydrofluoric acid.  We decided to investigate this, since we believed it might be significant.  The 
amount of HF evolves is not correlated directly to the amount of product formed, and HF forms in roughly 
the same amount under both the direct photolysis and benzil sensitized conditions.  Upon irradiating 
selectfluor and benzil in acetonitrile in the absence of any substrate, HF formation was also observed.  This 
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indicates that selectfluor is decomposing as a direct consequence of benzil’s photoexcitation rather than from 
a reaction with the substrate. The loss of fluoride would seem to indicate that the selectfluor N-centered 
radical dication (SRD) is being formed in this process. 
 
7.3. Proposed Mechanism. 
  
From the observation of fluoride formation, we proposed a mechanism for the fluorination reaction 
(figure 7.3), and found further evidence for it using DFT calculations and cyclic voltammetry experiments, 
though more data is needed to definitively pin it down.  We believe that the n-* excited carbonyl (benzil 
with visible light or the enone substrate in the case of UV) transfers an electron to selectfluor, which 
subsequently decomposes to give fluoride and the SRD.  DFT calculations of reduced selectfluor 
(wB97XD/6-311+G** (B97), acetonitrile implicit solvent model), show a significant elongation of the N-F 
bond (1.99 angstroms compared to selectfluor’s 1.37 angstroms).  With the addition of explicit acetonitrile 
solvent molecules, the N-F bond is broken completely and fluoride is taken into the solvent.  We believe that 
formation of the SRD in this manner is the initiation step of this reaction, and the fact that this process occurs 
would explain the need for an excess of selectfluor. 
As one can imagine, the SRD is a very reactive species, and upon encountering an enone substrate 
molecule should oxidize it to form the enone radical cation and amine free base.  Calculations show that this 
is only very slightly exothermic (~ 1 kcal, B97).  However, it is at this point that the product-determining 
selectivity is manifested; the carbonyl lone pairs can act as a base to intramolecularly deprotonate a nearby 
C-H bond, giving a protonated carbonyl (which will shortly return to neutral through loss of the proton) and 
a secondary carbon radical.  With this step included, the oxidation is overall more exothermic (~ 5 kcal, B97), 




Figure 7.3. species involved in proposed mechanism. 
 
It is known4 that selectfluor will react with a carbon radical to give an alkyl fluoride and the SRD.  
Therefore, given what is proposed above, the oxidation of the excited carbonyl by selectfluor and its 
disproportionation into F- and SRD serves as the initiation step of this reaction, and a chain process follows 
with the SRD oxidizing the substrate, which is then fluorinated to regenerate SRD. 
Why then is such significant excess of selectfluor (1.5-2.2 eq.) required in this reaction, if the 
photochemical decomposition is only an initiation step?  For one, since the decomposition of selectfluor 
occurs independently of fluorination, significant amounts of selectfluor will be depleted (we usually observe 
more F- than product).  Additionally, it is a misconception that chain reactions only need to be ‘set off’ by a 
brief burst of energy and then will continue on their own; for example, giving these reactions only a short 
burst of light and then allowing them to stir in the dark results in failure; the chain process simply does not 
maintain itself long enough to be completely self-sustaining, thus constant irradiation is required. 
 
7.4. Cyclic Voltammetry 
 
Additionally, we have performed cyclic voltammetry experiments to attempt to assess the redox 
properties of the components. Unfortunately, the oxidation potential of benzil may not be completely 
relevant, as the promoted electron in its singlet or triplet excited state is likely the reducing electron, and this 
species is short-lived and cannot be produced to significant saturation.  Instead, we have used the reverse 
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sweep from the reduction of benzil (benzil radical anion to neutral benzil), since this is removing an electron 
from the same orbital as the promoted electron.  We are aware that this value is of limited use, but it is 
presented regardless.  However, relevant oxidation and reduction potentials of selectfluor, cyclohexanone, 


















































































Figure 7.4. Top to bottom: cyclic voltammetry plots of Selectfluor, Cyclohexenone, Benzil, and reduced SRD. X axis is potential 
(Volts) and Y axis is response (Amperes). 
 
As can be seen in figure 7.4, selectfluor is oxidized at -0.32 volts, which is much lower than the oxidation 
of the benzil radical anion (-1.3 volts), indicating that selectfluor is capable of oxidizing this species.  It is 
also highly noteworthy that the reduction of selectfluor is irreversible: this is evidence that when selectfluor 
acts as an oxidant, it decomposes into the SRD and F-.  The second pair of redox potentials concerns the 
enone and SRD.  Unfortunately, oxidation of the free base reduced SRD was not reversible, but oxidation 
occurred at 2.2 volts.  Oxidation of cyclohexanone, a small test enone, occurred at around 0.8 volts, which 
suggests that the SRD should be capable of oxidizing the enone substrate. 
 
7. 5. Further Studies 
 
Several attempts were made to measure the redox potentials of steroid substrates that were actually used 
for fluorination, but the results were unclear.  We intend to revisit this and get more data on these molecules.  
The largest question that remains as to the nature of this mechanism is whether the oxidation of the 
















proton coupled electron transfer (PCET).5  To assist in determining this, we would like to conduct some 
isotopic labeling experiments, to determine whether there is a kinetic isotope effect associated with the 
cleavage of the C-H bond.  We have made several attempts to synthesize deuterium labeled substrates to be 
used in inter and intramolecular isotopic competition experiments, but at this point we have not yet been 
successful.  In addition, we plan to perform the reaction in deuterated acetonitrile to observe potential isotopic 
exchange, or perhaps an isotope effect caused by solvent reorganization, which has been shown to be a 
potential rate-determining factor in some reactions.6 
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Chapter 8. Experimental Methods 
 
8.1 General methods. 
Unless otherwise stated, all reactions were carried out under strictly anhydrous, air-free conditions under 
nitrogen.  All solvents and reagents were dried and distilled by standard methods.  1H and 13C spectra were 
acquired on a Bruker Avance 400 MHz NMR in CDCl3 at 25 °C; 19F spectra were taken on a Bruker Avance 
300 MHz NMR (operating at 286 MHz) in CDCl3.  The 1H and 13C chemical shifts are given in parts per 
million (δ) with respect to an internal tetramethylsilane (TMS, δ 0.00 ppm) and the 19F chemical shifts with 
respect to a CFCl3 (δ 0.00 ppm) standard.  NMR data are reported in the following format: chemical shifts 
(multiplicity (s = singlet, d = doublet, t = triplet, q = quartet m = multiplet), integration, coupling constants 
[Hz]).  IR data were obtained using an FT-IR with a flat CaF2 cell.  All measurements were recorded at 25 
°C unless otherwise stated.  Melting Points are uncorrected.  HRMS calculations were performed on an ESI-
ion trap mass spectrometer.  Spectral data were processed with ACD/NMR Processor Academic Edition.1 
 
8.2 Computational methods.   
The Gaussian 09 package and Spartan 10 were used for all geometry optimizations.2,3 The 19F calculated 
chemical shifts were fitted to the empirical equation at B3LYP/6-311++G** calc = -0.914 + 141.83. And at 
B97XD/6-311+G** calc = -1.183+ 261.3.  Geometry optimizations were determined using the 
B97XD/6-311+G** level, as well as CAM-B3LYP/cc-pvdz, APFD/6-311+G**, and LC-wPBE/6-
311+G** in some cases.  In most cases optimized geometries and in all cases transition states were confirmed 
by vibrational analyses.  Calculated electronic energies were converted to free energies through corrections 
obtained by vibrational analyses. 
KIEs were calculated by the following method: the free energy of activation for ionization of 
isotopomers was compared to the free energy of activation for the protio-substrates.  The isotopomeric free 
energies were calculated through comparison of vibrational analyses at specified temperatures of the ground 







For ease of reading, compounds are numbered by their within-chapter numbers, and redundant 
compounds point to their entries in the first chapter in which they appear. 
 
8.3. Experimental Details for Chapter 1. 
 
 
Scheme S1: Synthesis of 19 
 
 
Scheme S2: Synthesis of 27 
 







Dimethyl 7-(1-Methylethylidene)bicyclo[2.2.1]hept-2-ene-2,3-dicarboxylate (15) was synthesized 
by following the synthetic route found in the literature. Spectral and analytical data were in agreement with 
previous reports.8 
 
Dimethyl 7-oxobicyclo[2.2.1]hept-2-ene-2,3-dicarboxylate (16).  15 (10.3 g, 41 mmol) was dissolved 
in 40 mL of DCM and the solution was cooled to -78 oC.  A stream of ozone gas was bubbled through the 
solution for 10.5 minutes.  Excess ozone was quenched by bubbling through a saturated aqueous sodium 
sulfite solution.  The solution was then purged with oxygen and the reaction was quenched with dimethyl 
sulfide (3 mL, 41 mmol).  The solution was allowed to return to room temperature and stirred for an hour.  
The solvent was removed in vacuo and the resulting oil was purified by silica gel flash column 
chromatography with a 30% ethyl acetate and hexanes solution to yield 16 as a yellow oil that decomposed 
over time (4.47 g, 49% yield); 1H NMR (CDCl3) 3.77, (s, 6H), 3.29 (m, 2H), 2.10 (d, 2H, J = 7.0 Hz), 1.45 
(m, 2H); 13C NMR (CDCl3)  200.6, 163.4, 139.3, 52.4, 48.8, 21.4; IR 3055, 2956, 2880, 1793, 1730, 1612, 




Dimethyl 7-hydroxybicyclo[2.2.1]hept-2-ene-2,3-dicarboxylate (17).  To a solution of 16 (4.47 g, 20 
mmol) in 100 mL of a THF/MeOH solution (2:1) was added sodium borohydride at 0 oC.  The solution was 
stirred for 20 min at 0 oC until the reaction was shown to be complete by TLC.  The solution was quenched 
with brine and extracted with ethyl acetate (4 x 20 mL), dried with magnesium sulfate, and concentrated 
under reduced pressure.  The crude product was purified by silica gel flash column chromatography with a 
30% ethyl acetate and hexanes solution to yield 17 as a yellow oil (8.4 mg, 32% yield); 1H NMR (CDCl3) 
3.73 (s, 6H), 3.71 (s, 1H), 2.96 (m, 2H), 2.75 (s, 1H), 2.02 (d, 2H, J = 7.5 Hz), 1.25 (d, 2H, J = 7.0 Hz); 13C 
NMR (CDCl3)  164.8, 141.9, 81.5, 52.1, 48.8, 21.9; IR 3606, 3058, 2956, 1733, 1717, 1620, (cm-1, CaF2, 
CH2Cl2). 
 
Dimethyl 7-fluorobicyclo[2.2.1]hept-2-ene-2,3-dicarboxylate (18).  A solution of 17 (0.53 g, 2.32 
mmol) and DBU (0.52 mL, 3.49 mmol) in 20 mL of DCM was cooled to -78 oC.  XtalFluor-E (0.799 g, 3.49 
mmol) was added and the reaction was allowed to return to room temperature with stirring.  It was then 
refluxed for 3 hours.  The reaction was quenched with a 5% aqueous NaHCO3 solution until bubbling ceased 
and was allowed to stir a further 30 minutes.  The solution was extracted with DCM (3 x 10 mL), dried with 
MgSO4, and concentrated under reduced pressure.  The crude product was purified by silica gel flash column 
chromatography with a 20% ethyl acetate and hexanes solution to yield 18 as a yellow oil (0.316 g, 60% 
yield); 1H NMR (CDCl3) 4.31 (d, 1H, J = 57.7 Hz), 3.68 (s, 6H), 3.11 (s, 2H), 1.95 (d, 2H, J = 9.7 Hz), 
1.27 (d, 2H, J = 8.8 Hz); 13C NMR (CDCl3)  163.8 (d, J = 0.7 Hz), 140.1 (d, J = 8.1 Hz), 96.1 (d, J = 212.7 
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Hz), 52.0, 46.8 (d, J = 18.8 Hz), 21.6; 19F NMR (CDCl3)  -180.35 (d, 1F, J = 57.4 Hz); IR 3066, 2953, 1722, 
1617, (cm-1, CaF2, CH2Cl2). 
 
 
8-fluoro-4,5,6,7-tetrahydro-4,7-methanoisobenzofuran-1,3-dione (19).  A solution of lithium 
hydroxide monohydrate (0.146 g, 3.47 mmol) in 10 mL of water was slowly added to a solution of 18 (0.316 
g, 1.73 mmol) in 10 mL of THF at 0 oC.  The reaction was allowed to stir at room temperature for 1 hour 
after which it was shown to have finished by TLC.  The solution was acidified with a 1M HCl solution and 
extracted with ethyl acetate (4 x 10 mL).  The organic fractions were combined, dried with MgSO4 and 
concentrated under reduced pressure to yield the diacid product as a yellow solid, which was used in the next 
step without any further purification.  The diacid was then dissolved in 50 mL of trifluoroacetic anhydride 
and refluxed for two days.  The majority of the trifluoroacetic anhydride was removed by distillation and the 
resulting oil was concentrated in vacuo.  The crude product (5) was isolated as a brown solid (0.292, 93% 
yield) which was found to decompose rapidly, so it was used in the next step without further purification. 
 
15-fluoro-9,10-dihydro-9,10-[4,7]methanoisobenzofuranoanthracene-12,14-dione (4).  In a sealed 
glass pressure vessel were combined 5 (0.206 g, 1.13 mmol), anthracene (1.01 g, 5.66 mmol) and 1,2- 
dichlorobenzene (3.5 mL).  The vessel was then sealed and heated at 160 oC for two days.  The resulting 
slush was washed with DCM and filtered through filter paper to remove excess anthracene and the filtrate 
was concentrated under reduced pressure.  The crude product was purified by silica gel flash column 
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chromatography, first with hexanes to remove anthracene, then with a 10% ethyl acetate and hexanes solution 
to elute the product.  4 was isolated as a white solid (0.310 g, 76% yield); 1H NMR (CDCl3) 7.41-7.17 (m, 
8H), 4.68 (s, 2H), 3.01 (, 1H, J = 56.7 Hz), 2.63 (m, 2H) 1.99 (d, 2H, J = 12.0 Hz), 1.44 (d, 2H, J = 11.7 Hz); 
13C NMR (CDCl3)  171.9 (d, J = 1.8 Hz), 140.4, 139.3, 128.1, 127.9, 125.47, 125.45, 96.4 (d, J = 197.2 Hz), 
63.2 (d, J = 4.1 Hz), 49.0, 44.9 (d, J = 16.6 Hz), 23.9 (d, J = 6.3 Hz); 19F NMR (CDCl3) -196.27 (d, 1F, J = 
56.8 Hz); IR  3074, 2979, 2906, 1848, 1783, (cm-1, CaF2, CH2Cl2). 
 
15-fluoro-9,10-dihydro-9,10-[4,7]methanoisobenzofuranoanthracene-12,14-dione (1).  In a sealed 
glass pressure vessel were combined 2 (0.2 g, 1.10 mmol), anthracene (0.978 g, 5.49 mmol) and 1,2- 
dichlorobenzene (2 mL).  The vessel was then sealed and heated at 170 oC for two days.  The resulting slush 
was washed with DCM and filtered through filter paper to remove excess anthracene and the filtrate was 
concentrated under reduced pressure.  The crude product was purified by silica gel flash column 
chromatography, first with hexanes to remove anthracene, then with a 10% ethyl acetate and hexanes solution 
to elute the product, which was further purified by trituration with diethyl ether.  1 was isolated as a white 
solid (0.285, 72% yield); 1H NMR (CDCl3) 7.31-7.11 (m, 8H), 4.72 (s, 2H), 4.48 (d, 1H, J = 58.3 Hz), 2.69 
(s, 2H), 1.77 (d, 2H, J = 9.4 Hz), 1.43 (m, 2H); 13C NMR (CDCl3)  172.8, 141.08, 140.7 (d, J = 8.4 Hz), 
127.5, 126.5, 125.4, 125.0 (d, J = 3.3 Hz), 100.0 (d, J = 218.2 Hz), 68.0 (d, J = 2.2 Hz), 49.0, 44.2 (d, J = 
15.4 Hz), 23.2 (d, J = 9.2 Hz); 19F NMR (CDCl3)  -180.51 (dm, 1F, J = 57.4 Hz); IR 2989, 2912, 1846, 




9,10-dihydro-9,10-[4,7]methanoisobenzofuranoanthracene-12,14-dione (12).  In a sealed glass 
pressure vessel were combined 6 (0.1 g, 0.609 mmol), anthracene (1.09 g, 6.09 mmol) and toluene (5 mL).  
The vessel was then sealed and heated at 160 oC for two days.  The resulting slush was washed with DCM 
and filtered through filter paper to remove excess anthracene and the filtrate was concentrated under reduced 
pressure.  The crude product was purified by silica gel flash column chromatography, first with hexanes to 
remove anthracene, then with a 10% ethyl acetate and hexanes solution to elute the product.  7 was isolated 
as a white solid (0.117, 56% yield); 1H NMR (CDCl3) 7.33-7.15 (m, 8H), 4.66 (s, 2H), 2.52 (s, 2H), 1.59 
(d, 2H, J = 10.7 Hz), 1.41 (d, 2H, J = 11.5 Hz), 0.83 (d, 1H, J = 11.7 Hz), 0.054 (d, 1H, J = 11.2 Hz); 13C 
NMR (CDCl3)  173.4, 140.08, 140.06, 127.49, 127.42, 125.21, 125.20, 66.1, 49.2, 42.96, 38.6, 27.5; IR 




anthracene-12,14-dione (16).  To 1 (.025 g, 0.0694 mmol) was added 3 mL acetonitrile.  The mixture was 
stirred until it became homogeneous, and 2 mL freshly distilled trifluoroacetic anhydride was added, followed 
by 0.0055g (.0694 mmol) ammonium nitrate.  The reaction mixture was stirred overnight. It was then 
quenched at 0°C with 5mL water with adequate venting in the vessel.  More water (30 mL) was added at 
room temperature and the resulting solution was extracted three times with DCM (3x 30 mL). The organic 
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layers were dried with MgSO4 and concentrated under reduced pressure.  The crude product was purified by 
silica gel flash column chromatography with a 30% ethyl acetate and hexanes solution to elute the product.  
The product was further purified by trituration with diethyl ether to give 16 as a white solid; (.0264, 89% 
yield).  Structural assignment note: It was determined that this compound has the nitro group on the 
upper ring by virtue of the fact that carbon atoms on the nitrated ring experience through-space 
coupling to the fluorine atom.  1H NMR (CDCl3) 8.14 (d, 1H, J = 2.1 Hz), 8.04 (dd, 1H, J = 8.1, 2.2 Hz), 
7.43 (d, 1H, J = 8.0 Hz), 7.34-7.28 (m, 2H), 7.23-7.17 (m, 2H), 4.85 (s, 2H), 4.52 (d, 1H, J = 58.4 Hz), 2.71 
(d, 2H, J = 10.5 Hz), 1.81 (d, 2H, J = 11.2 Hz), 1.51-1.41 (m, 2H);  13C NMR (CDCl3)  171.98, 171.92, 
148.01(d, J = 8.4 Hz), 146.66, 142.43 (d, J = 8.4 Hz), 139.87, 139.32, 128.21, 128.20, 125.83, 125.78, 125.48 
(d, J = 3.3 Hz), 122.48, 119.91 (d, J = 3.3 Hz),   99.9 (d, J = 216.8 Hz), 67.64 (d, J = 2.2 Hz), 67.58 (d, J = 
2.2 Hz), 48.82, 48.75, 44.35 (d, J = 6.2 Hz), 44.19 (d, J = 6.2 Hz), 23.11, 23.02; 19F NMR (CDCl3)  -178.89 
(dm, 1F, J = 58.2 Hz); IR 2989, 2912, 1855, 1782, 1526, 1462, 1347, (cm-1, CaF2, CH2Cl2). 
 
The nitrations of 4 and 7 were performed as they were with 1.  They afforded mixtures of isomers.  The 
major products were separable from dinitro compounds that formed, but otherwise could not be separated. 




naphthalene-9,11-dione (27).  Silole 25 (17.7 mmol), synthesized according to the literature[4] was added to 
2 (0.914g, 5.02 mmol) in 1.5 mL DCM in a sealed syringe and pressurized at 12 kbar for 1 day.  Adduct 26 
initially forms, but rapidly decomposes to afford 27.  The crude product was purified via silica gel flash 
chromatography with 5% EtOAc/Hexanes.  The product was isolated as transparent blocky crystals.  1H NMR 
(CDCl3) -m, 1H), 2.83-2.79 (m, 4H), 1.79-1.77 (m, 2H), 1.68 (d, 6H), 1.44 (d, 6H), 1.44-1.37 
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(m, 2H); 13C NMR (CDCl3) d, J = 204.9 Hz), d, J = 3.7 Hz)d, J  = 
15.48 Hz)d, J  = 6.6 Hz),d, J = 9.6 Hz),NMR; 19F (CDCl3) -189.17 (m, 1F). 
 
15-fluoro-9,10-dihydro-9,10-[4,7]methanoisobenzofuranoanthracene-12,14-dione (4).  In a sealed 
glass pressure vessel were combined 5 (0.206 g, 1.13 mmol), anthracene (1.01 g, 5.66 mmol) and 1,2- 
dichlorobenzene (3.5 mL).  The vessel was then sealed and heated at 160 oC for two days.  The resulting 
slush was washed with DCM and filtered through filter paper to remove excess anthracene and the filtrate 
was concentrated under reduced pressure.  The crude product was purified by silica gel flash column 
chromatography, first with hexanes to remove anthracene, then with a 10% ethyl acetate and hexanes solution 
to elute the product.  4 was isolated as a white solid (0.310 g, 76% yield); 1H NMR (CDCl3) 7.41-7.17 (m, 
8H), 4.68 (s, 2H), 3.01 (d, 1H, J = 56.7 Hz), 2.63 (m, 2H) 1.99 (d, 2H, J = 12.0 Hz), 1.44 (d, 2H, J = 11.7 
Hz); 13C NMR (CDCl3)  171.9 (d, J = 1.8 Hz), 140.4, 139.3, 128.1, 127.9, 125.47, 125.45, 96.4 (d, J = 197.2 
Hz), 63.2 (d, J = 4.1 Hz), 49.0, 44.9 (d, J = 16.6 Hz), 23.9 (d, J = 6.3 Hz); 19F NMR (CDCl3) -196.27 (d, 1F, 
J = 56.8 Hz); IR  3074, 2979, 2906, 1848, 1783, (cm-1, CaF2, CH2Cl2). 
 
15-fluoro-9,10-dihydro-9,10-[4,7]methanoisobenzofuranoanthracene-12,14-dione (1).  In a sealed 
glass pressure vessel were combined 2 (0.2 g, 1.10 mmol), anthracene (0.978 g, 5.49 mmol) and 1,2- 
dichlorobenzene (2 mL).  The vessel was then sealed and heated at 170 oC for two days.  The resulting slush 
was washed with DCM and filtered through filter paper to remove excess anthracene and the filtrate was 
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concentrated under reduced pressure.  The crude product was purified by silica gel flash column 
chromatography, first with hexanes to remove anthracene, then with a 10% ethyl acetate and hexanes solution 
to elute the product, which was further purified by trituration with diethyl ether.  1 was isolated as a white 
solid (0.285, 72% yield); 1H NMR (CDCl3) 7.31-7.11 (m, 8H), 4.72 (s, 2H), 4.48 (d, 1H, J = 58.3 Hz), 2.69 
(s, 2H), 1.77 (d, 2H, J = 9.4 Hz), 1.43 (m, 2H); 13C NMR (CDCl3)  172.8, 141.08, 140.7 (d, J = 8.4 Hz), 
127.5, 126.5, 125.4, 125.0 (d, J = 3.3 Hz), 100.0 (d, J = 218.2 Hz), 68.0 (d, J = 2.2 Hz), 49.0, 44.2 (d, J = 
15.4 Hz), 23.2 (d, J = 9.2 Hz); 19F NMR (CDCl3)  -180.51 (dm, 1F, J = 57.4 Hz); IR 2989, 2912, 1846, 
1799, 1480, (cm-1, CaF2, CH2Cl2). 
 
9,10-dihydro-9,10-[4,7]methanoisobenzofuranoanthracene-12,14-dione (7).  In a sealed glass 
pressure vessel were combined 6 (0.1 g, 0.609 mmol), anthracene (1.09 g, 6.09 mmol) and toluene (5 mL).  
The vessel was then sealed and heated at 160 oC for two days.  The resulting slush was washed with DCM 
and filtered through filter paper to remove excess anthracene and the filtrate was concentrated under reduced 
pressure.  The crude product was purified by silica gel flash column chromatography, first with hexanes to 
remove anthracene, then with a 10% ethyl acetate and hexanes solution to elute the product.  7 was isolated 
as a white solid (0.117, 56% yield); 1H NMR (CDCl3) 7.33-7.15 (m, 8H), 4.66 (s, 2H), 2.52 (s, 2H), 1.59 
(d, 2H, J = 10.7 Hz), 1.41 (d, 2H, J = 11.5 Hz), 0.83 (d, 1H, J = 11.7 Hz), 0.054 (d, 1H, J = 11.2 Hz); 13C 
NMR (CDCl3)  173.4, 140.08, 140.06, 127.49, 127.42, 125.21, 125.20, 66.1, 49.2, 42.96, 38.6, 27.5; IR 






anthracene-12,14-dione (16).  To 1 (.025 g, 0.0694 mmol) was added 3 mL acetonitrile.  The mixture was 
stirred until it became homogeneous, and 2 mL freshly distilled trifluoroacetic anhydride was added, followed 
by 0.0055g (.0694 mmol) ammonium nitrate.  The reaction mixture was stirred overnight. It was then 
quenched at 0°C with 5mL water with adequate venting in the vessel.  More water (30 mL) was added at 
room temperature and the resulting solution was extracted three times with DCM (3x 30 mL). The organic 
layers were dried with MgSO4 and concentrated under reduced pressure.  The crude product was purified by 
silica gel flash column chromatography with a 30% ethyl acetate and hexanes solution to elute the product.  
The product was further purified by trituration with diethyl ether to give 16 as a white solid; (.0264, 89% 
yield).  Structural assignment note: It was determined that this compound has the nitro group on the 
upper ring by virtue of the fact that carbon atoms on the nitrated ring experience through-space 
coupling to the fluorine atom.  1H NMR (CDCl3) 8.14 (d, 1H, J = 2.1 Hz), 8.04 (dd, 1H, J = 8.1, 2.2 Hz), 
7.43 (d, 1H, J = 8.0 Hz), 7.34-7.28 (m, 2H), 7.23-7.17 (m, 2H), 4.85 (s, 2H), 4.52 (d, 1H, J = 58.4 Hz), 2.71 
(d, 2H, J = 10.5 Hz), 1.81 (d, 2H, J = 11.2 Hz), 1.51-1.41 (m, 2H);  13C NMR (CDCl3)  171.98, 171.92, 
148.01(d, J = 8.4 Hz), 146.66, 142.43 (d, J = 8.4 Hz), 139.87, 139.32, 128.21, 128.20, 125.83, 125.78, 125.48 
(d, J = 3.3 Hz), 122.48, 119.91 (d, J = 3.3 Hz),   99.9 (d, J = 216.8 Hz), 67.64 (d, J = 2.2 Hz), 67.58 (d, J = 
2.2 Hz), 48.82, 48.75, 44.35 (d, J = 6.2 Hz), 44.19 (d, J = 6.2 Hz), 23.11, 23.02; 19F NMR (CDCl3)  -178.89 
(dm, 1F, J = 58.2 Hz); IR 2989, 2912, 1855, 1782, 1526, 1462, 1347, (cm-1, CaF2, CH2Cl2). 
 
The nitrations of 4 and 7 were performed as they were with 1.  They afforded mixtures of isomers.  The 
major products were separable from dinitro compounds that formed, but otherwise could not be separated. 













Octahydro-1,4:5,8-dimethano-4a,8a-(methanooxymethano)naphthalene-9,11,12-trione (2): To a 
flame dried round-bottom flask equipped with a condenser and large stir bar were added 3 (0.10 g, 0.35 
mmol), crushed 3 Å molecular sieves (0.89 g), and potassium carbonate (0.38 g).  To the mixture was added 
DCM (20 mL) followed by cooling to 0 °C. PCC (0.094 g, 0.438 mmol) was added, and the solution was 
allowed to warm to room temperature before being refluxed overnight.  The mixture was then filtered through 
Celite and concentrated under reduced pressure.  The residue was purified by silica gel flash chromatography 
with a 20% ethyl acetate/hexanes solution to yield 2 as white crystals (0.069 g, 80% yield): mp = 162−165 
°C; IR 2963, 2897, 1861, 1780, 1762  (cm−1, CaF2, CH2Cl2). 1H NMR (CDCl3):  2.66 (m, 2H), 2.41 (m, 2H), 
2.23 (m, 1H), 1.94 (m, 2H), 1.80-1.67, (m, 4H), 1.56 (m, 3H) 13C NMR (CDCl3): 209.94, 172.16, 63.60, 
44.63, 43.45, 37.85, 26.43, 19.54;  
 
 
8.5. Experimental Details for Chapter 3. 
1H NMR and 13C NMR: the known chemical shift4 of residual solvent signal is used as a secondary 





Compound 19 (0.29g, 0.81 mmol) was added to a flame-dried round-bottom flask with 10 mL DCM, 
followed by 0.87 mL of 1M LiAlH4 in THF. After stirring at room temperature for 2 h under N2, the reaction 
was quenched with 0.05 mL water, then was added 0.1 mL 10% NaOH solution, and 0.15 mL water. The 
mixture was stirred for 15 min, then filtered, dried with MgSO4, concentrated under reduced pressure and 
purified by silica gel chromatography with a 40% ethyl acetate and hexanes solution. Product 1 was isolated 
as white crystals (0.20 g, 0.56 mmol, 69.1% yield). 1H NMR (CDCl3) δ 7.50-7.44 (m, 2H), 7.31-7.25 (m, 
4H), 7.19-7.13 (m, 2H), 4.78 (s, 2H), 3.85 (d, 1H, J = 10.8 Hz), 2.54 (s, 2H), 1.85-1.79 (m, 2H), 1.41-1.35 
(m, 2H), -0.22 (d, 1H, J = 10.9); 13C NMR ((CD3)2CO) δ 174.27, 143.27, 143.09, 127.75, 127.37, 126.30, 
126.13, 84.94, 69.35, 49.72, 47.04, 25.78; IR 3578, 3071, 2982,  2961, 2906, 1851, 1777 (cm-1, CaF2, 






160.27, 155.35, 137.18, 128.77, 128.36, 127.81, 91.64, 71.76, 43.31, 22.74; HRMS (ESI+) calc for 





              
15-hydroxy-4-(trifluoromethyl)-9,10-dihydro-9,10-[4,7]methanoisobenzofuranoanthracene-
12,14-dione (5) and 15-hydroxy-4-(trifluoromethyl)-9,10-dihydro-9,10-[4,7]methanoisobenzofurano 
anthracene-12,14-dione (5-down). In a sealed glass pressure vessel with stir bar were combined 3 (1.12 g, 
4.13 mmol), 1-(trifluoromethyl)anthracene (0.80 g, 3.25 mmol) and 1,2-dichlorobenzene (5 mL). The vessel 
was then sealed and heated to 180 °C for 24 h with stirring. The crude product was purified by silica gel flash 
column chromatography with a 20% ethyl acetate and hexanes solution. 
Then the product from the previous step was dissolved in a mixture solvent of 20 mL THF and 20 mL 
MeOH, with catalytic Pd/C. A H2 balloon was connected to provide H2 and the mixture was stirred overnight. 
The crude product was purified by silica gel chromatography with 30% ethyl acetate and hexanes solution. 5 
and 5-down were collected as a mixture (0.84 g, 1.97 mmol 60.6% yield); 1H NMR (CDCl3) δ 7.57 (d, 2H, 
J = 7.9 Hz), 7.40-7.29 (m, 3H), 7.24-7.19 (m, 2H), 5.18 (s, 1H), 4.76 (s, 1H), 2.55 (s, 1H), 2.51 (s, 1H), 2.44 
(s, 1H), 2.08-2.02 (m, 2H), 1.40-1.34 (m, 2H), 1.23 (s, 1H); 13C NMR (CDCl3) δ 172.35, 172.10, 143.24, 
139.77 (q, J = 1.9 Hz), 139.29, 138.58, 128.64, 128.25, 128.23, 127.54, 125.84, 125.50, 124.22 (q, J = 5.21 
Hz), 63.61, 63.41, 49.04, 46.58, 46.12, 45.65 (q, J = 1.67 Hz), 24.13, 24.07; 19F NMR (CDCl3) δ -59.21 (s, 
1F). HRMS (ESI-) calc for C24H17F3O4Na+: 449.097115 found 449.096871. IR 3609, 2975, 2902, 1844, 1780 









12,14-dione (6). To a 100-mL round-bottom flask equipped with a condenser were added 5 (0.10 g, 0.23 
mmol), crushed 4 Å molecular sieves (1.20 g), and K2CO3 (0.60 g). To the mixture was added DCM (30 mL) 
followed by PCC (0.15 g, 0.69 mmol). The solution was refluxed for 4 h. The mixture was concentrated 
under reduced pressure and then purified by silica gel flash chromatography with a 20% ethyl acetate and 
hexanes solution.  
The product from the previous step was added to a flame-dried round bottom flask with 10 mL DCM, 
followed by 0.35 mL of 1 M LiAlH4 in THF. After stirring at room temperature for 2 h under N2 atmosphere, 
the reaction was quenched with 0.02 mL water, then was added 0.04 mL 10% NaOH solution, and 0.06 mL 
water. The mixture was stirred for 15 min, then filtered, dried with MgSO4, concentrated under reduced 
pressure and purified by silica gel chromatography with a 40% ethyl acetate and hexanes solution. Further 
purification by preparatory HPLC separated 6 from the down isomer, yielding 6 as white crystals (0.06 g, 
0.14 mmol, 61% yield). 1H NMR ((CD3)2CO) δ 7.56 (d, 1H, J = 7.50 Hz), 7.36-7.26 (m, 3H), 7.21-7.14 (m, 
3H), 5.10 (s, 1H), 4.95 (s, 1H), 4.02 (d, 1H, J = 4.85 Hz), 2.50 (s, 1H), 2.44 (s, 1H), 1.89-1.83 (m, 2H), 1.28-
1.22 (m, 2H); 13C NMR ((CD3)2CO) δ 174.07, 174.05, 145.82, 143.14, 142.07 (q, J = 2.28 Hz), 142.03, 
129.69, 128.25, 128.09, 126.79, 126.35, 126.31, 123.25, 123.20, 123.23 (q, J = 5.02 Hz), 84.27, 68.85, 68.71, 
49.67, 47.13, 46.90, 46.80, 25.60, 25.51; 19F NMR ((CD3)2CO) δ -58.29 (s, 1F); IR 3606, 2905, 1844, 1779 







1 (0.18 g, 0.50 mmol) was dissolved in 10 mL CH3CN in a 25-mL round-bottom flask, then was added Br2 
(0.065 mL, 1.25 mmol), The reaction was allowed to stir at room temperature for 5 h. The mixture was 
concentrated under reduced pressure and then purified by silica gel chromatography with a 30% ethyl acetate 
and hexanes solution. Product 7 was isolated as white crystal (0.16g, 0.37mmol, 74.0% yield). 1H NMR 
(CDCl3) δ 7.52 (d, 1H, J =1.56 Hz), 7.32 (dd, 1H, J1 =7.96 Hz, J2=1.85 Hz), 7.29-7.21 (m, 3H), 7.19-7.13 
(m, 2H), 4.73 (s, 1H), 4.70 (s, 1H), 3.94 (d, 1H, J =7.32 Hz), 2.54 (s, 1H), 1.86-1.80 (m, 2H), 1.42-1.36 (m, 
2H), 0.15 (d, 1H, J =7.47 Hz); 13C NMR ((CD3)2SO) δ 173.44, 144.93, 142.02, 141.78, 141.73, 128.03, 
127.58, 126.90, 126.86, 126.68, 125.16, 125.07, 118.26, 82.62, 67.78, 67.76, 47.53, 45.56, 45.49, 24.44; 








nitrate (8). To a 100-mL round-bottom flask were added 7 (0.025 g, 0.057 mmol), and NH4NO3 (0.004 g, 
0.051 mmol). To the mixture was added CH3CN (5 mL) and the mixture was cooled to -10 °C in an ice-
acetone bath, then was added 2 mL TFAA (trifluoroacetic anhydride). The reaction was allowed warm back 
to room temperature and stirred for 2 h, then quenched with water and extracted with DCM (2 x 10 mL). The 
organic fractions were combined, dried with MgSO4 and concentrated under reduced pressure. The crude 
product was further purified by silica gel chromatography with 30% ethyl acetate and hexanes solution. 
Product 8 yields as white crystals (0.01 g, 0.021 mmol, 36.8% yield). 1H NMR ((CD3)2CO) δ 8.07 (s, 1H), 
7.95 (s, 1H), 7.35-7.38 (m, 2H), 7.23-7.26 (m, 2H), 5.18 (s, 1H), 5.14 (s, 1H), 5.07 (s, 1H), 3.09 (s, 2H), 2.14-
2.20 (m, 2H), 1.49-1.55 (m,2H); 13C NMR ((CD3)2CO) δ 172.60, 172.58， 147.95, 142.93, 141.46, 140.96, 









dione (9).  Compound 1 (0.02 g, 0.056 mmol) was dissolved with 20 mL DCM in a 100-mL round-bottom 
flask, then Br2 (0.045 mL, 0.78 mmol) and iron (15 mg, 0.26 mmol, cat.) were added. The reaction was stirred 
at room temperature for 24 h, and monitored by NMR until formation of the tetrabromo-product. The mixture 
was concentrated under reduced pressure and purified by silica gel chromatography with a 30% ethyl acetate 
and hexanes solution. Product 9 was isolated as white crystal (0.015g, 0.022mmol, 40.0% yield). 1H NMR 
(CDCl3) δ 7.31-7.34 (m, 2H), 7.19-7.21 (m, 2H), 5.36 (s, 2H), 4.06 (d, 1H, J = 2.85 Hz), 2.55 (m, 2H), 1.79-
1.85 (m, 2H), 1.36-1.42 (m, 2H), 0.97 (d, 1H, J = 3.88 Hz); 13C NMR (CDCl3) δ 172.52, 144.18, 139.70, 








[4,7]methanoisobenzofuranoanthracene -12,14-dione (10).  Compound 6 (0.025 g, 0.059 mmol) was 
dissolved in 20 mL DCM in a 100-mL round-bottom flask, then Br2 (0.03 mL, 0.6 mmol) and iron (15 mg, 
0.26 mmol, cat.) were added. The reaction was allowed to stir at room temperature for 10 h. The mixture was 
concentrated under reduced pressure and then purified by silica gel chromatography with a 30% ethyl acetate 
and hexanes solution (0.017 g, 0.034 mmol, 57% yield). 1H NMR (CDCl3) δ 7.56 (d, 1H, J =1.50 Hz), 7.50 
(d, 1H, J =1.66 Hz), 7.31-7.23 (m, 2H), 7.21-7.14 (m, 2H), 5.16 (s, 1H), 4.73 (s, 1H), 4.01 (s, 1H), 2.54 (s, 
2H), 1.84-1.78 (m, 2H), 1.42-1.36 (m, 2H), 0.64 (d, 1H, J =3.76 Hz); 13C NMR (CDCl3) δ 172.97, 172.75, 
146.60, 140.43, 140.31, 139.94, 131.36, 128.23, 128.20, 126.12 (q, J =5.13 Hz), 126.03, 125.74, 119.63, 
83.97, 67.97, 67.92, 48.87, 46.48, 46.26, 45.46, 25.18, 25.05; 19F NMR (CDCl3) δ -59.98 (s, 1F); HRMS 






1-Bromoanthracene (11). Synthesized by following the synthetic route found in the literature.5  Spectral 
and analytical data were in agreement with previous reports.6  
 
 
1-Trifluoromethylanthracene7 (12). To a flame dried round-bottom flask were added 11 (1.1 g, 4.28 
mmol), Sodium trifluoroacetate (5.5 g, 40.44 mmol), CuI (1.8 g, 9.45 mmol). To the mixture was added N-
methyl-2-pyrrolidone 20 mL. The mixture was heated to 160 °C under N2 and stirred for 14 h. The solvent 
was distilled off under reduced pressure, and 20 mL water was added to the crude product, which was 
extracted with ethyl acetate (4 x 20 mL). The organic fractions were combined, dried with MgSO4 and 
concentrated under reduced pressure. The crude product was purified by silica gel chromatography with pure 
hexane to give 12 (0.8 g 3.25 mmol, 75.9% yield). 1H NMR (CDCl3) δ 8.76 (s, 1H), 8.48 (s, 1H), 8.16 (d, 
1H, J = 8.6), 8.10-8.05 (m. 1H), 8.04-7.98 (m, 1H), 7.88 (d, 1H, J = 7.0), 7.58-7.51 (m, 2H), 7.45 (t, 1H, J = 
7.8); 13C NMR (CDCl3) δ 133.34, 132.45, 131.79, 131.75, 128.91, 127.98, 127.54, 126.52, 126.49, 126.43, 
125.02 (q, J = 6.0 Hz), 123.62 (q, J = 2.3 Hz), 123.19; 19F NMR (CDCl3) δ -60.67 (s, 1F); HRMS (ESI-) calc 







4,5,6,7-tetrahydro-4,7-methanoisobenzofuran-1,3-dione (13). Synthesized by following the synthetic 




In a sealed glass pressure vessel were combined 13 (0.22 g, 1.34 mmol), 12 (0.30 g, 1.22 mmol) and 1,2-
dichlorobenzene (2 mL). The vessel was then sealed and heated at 180 °C for 14 h. The crude product was 
purified by silica gel column chromatography with 15% ethyl acetate and hexanes solution to give product 
14 (0.21 g, 0.61 mmol, 50% yield). 1H NMR (CDCl3) δ 7.51 (t, 2H, J = 7.03 Hz), 7.35-7.27 (m, 3H), 7.22-
7.17 (m, 2H), 5.17 (s, 1H), 4.74 (s, 1H), 2.65 (s, 1H), 2.56 (s, 1H), 1.64-1.58 (m, 2H), 1.45-1.39 (m, 2H), 
0.89 (d, 1H, J = 11.42 Hz), 0.05-(-0.01) (m, 1H); 13C NMR (CDCl3) δ 173.10, 172.81, 142.52, 139.67, 139.10 
(q, J = 1.96 Hz), 138.99, 128.66, 128.09, 127.36, 125.78, 125.48, 125.42, 124.11 (q, J = 6.03 Hz), 66.03, 
65.76, 49.24, 45.77 (q, J = 1.83 Hz), 43.26, 42.69, 38.81, 27.54; 19F NMR (CDCl3) δ -59.25 (s, 1F); HRMS 










12,14-dione (15a and 15b). Compound 14 (0.05 g, 0.12 mmol) was dissolved with 15 mL DCM in a 100 
mL round-bottom flask, then Br2 (0.012 mL, 0.24 mmol) and iron (15 mg, 0.26 mmol, cat.) were added. The 
reaction was heated to reflux for 10 h. The mixture was concentrated under reduced pressure and then purified 
by prep. HPLC with a 15% ethyl acetate and hexanes solution. Product 15a (0.012 g, 0.025 mmol, 21% yield) 
and 15b (0.012 g, 0.025 mmol, 21% yield) were isolated. We were unable to definitively assign which isomer 
is which by the characterization techniques that were used, but we are confident that the above are the two 
isomers that formed. 
15 (1): 1H NMR (CDCl3) δ 7.56-7.46 (m, 2H), 7.36-7.31 (m, 2H), 7.17 (d, 1H, J = 8.01 Hz), 5.12 (s, 
1H), 4.71 (s, 1H), 2.64 (s, 1H), 2.56 (s, 1H), 1.59-1.65 (m, 2H), 1.46-1.38 (m, 2H), 0.89 (d, 1H, J = 11.45 
Hz), 0.02-(-0.05) (m, 1H); 13C NMR (CDCl3) δ 172.84, 172.47, 142.08, 141.12, 138.72, 131.16, 128.82, 
128.71, 127.69, 126.84, 124.35 (d, J = 5.19 Hz), 121.90, 65.70, 65.50, 48.74, 43.30, 42.75, 38.81, 27.50. 
15 (2): 1H NMR (CDCl3) δ 7.56-7.47 (m, 1H), 7.45 (d, 1H, J = 1.82 Hz), 7.36-7.31 (m, 2H), 7.19 (d, 1H, 
J = 7.92 Hz), 5.13 (s, 1H), 4.70 (s, 1H), 2.65 (s, 1H), 2.57 (s, 1H), 1.59-1.66 (m, 2H), 1.45-1.39 (m, 2H), 0.90 
(d, 1H, J = 11.89 Hz), 0.02-(-0.04) (m, 1H); 13C NMR (CDCl3) δ 172.74, 172.57, 141.79, 138.66, 138.05, 
131.14, 128.80, 128.55, 127.64, 127.18, 124.40 (q, J = 4.70 Hz), 121.92, 65.76, 65.42, 48.94, 45.29, 43.32, 



















[4,7]methanoisobenzofuranoanthracene -12,14-dione (16a) and 2-bromo-15-hydroxy-5-
(trifluoromethyl)-9,10-dihydro-9,10-[4,7]methano isobenzofuranoanthracene-12,14-dione (16b). To a 
100 mL round bottom flask was added a mixture of 5 and 5-down (0.050 g, 0.12 mmol, 5:5-down = 2.5:1).  
Fe metal (0.036 g, 0.64 mmol), Br2 (0.43g, 2.69 mmol), and CH2Cl2 (20 mL) were added. The solution was 
heated to reflux for 5 hours, and monitored by NMR. The mixture was concentrated under reduced pressure 
and purified by silica gel column chromatography with 15% ethyl acetate and hexanes solution. Then the 
mixture was further purified by prep. HPLC. Starting material 5 (0.008 g, 0.019mmol) was collected, as were 
products 16a (0.008 g, 0.016 mmol, 13.3% yield), 16b (0.007 g, 0.014 mmol, 11.7% yield), 21a (0.005 g, 
0.010 mmol, 8.33% yield), and 21b (0.004 g. 0.008 mmol, 6.67% yield) were collected.  
16 (1): 1H NMR (CDCl3) δ 7.58-7.52 (m, 2H), 7.44 (d, 1H, J = 1.80), 7.36 (t, 1H, J = 7.79), 7.34 (dd, 
1H, J1 = 7.94, J2 = 1.95), 7.18 (d, 1H, J = 7.99), 5.13 (s, 1H), 4.70 (s, 1H), 2.53-2.43 (m, 3H), 2.09-2.03 (m, 
2H), 1.40-1.35 (m, 2H), 1.14 (d, 1H, J =3.93). 13C NMR (CDCl3) δ 171.99, 171.84, 142.58, 141.42, 139.39, 
137.67, 131.32, 128.79, 128.64, 127.82, 127.25, 124.52 (d, J = 5.33), 122.10, 63.34, 63.10, 48.78, 46.65, 
46.17, 45.20, 24.11, 24.06. HRMS (ESI+) calc for C24H16BrF3O4Na+: 527.007627, found 527.007300. 
16 (2): 1H NMR (CDCl3) δ 7.58-7.52 (m, 2H), 7.46 (s, 1H, J = 1.94), 7.36 (t, 1H, J = 7.54), 7.34 (dd, 1H, 
J1 = 7.85, J2 = 1.93), 7.16 (d, 1H, J = 7.84), 5.11 (s, 1H), 4.72 (s, 1H), 2.53-2.43 (m, 3H), 2.09-2.03 (m, 2H), 
1.40-1.35 (m, 2H), 1.14 (d, 1H, J =3.03). 13C NMR (CDCl3) δ 172.09, 171.74, 142.86, 140.74, 139.09, 
138.35, 131.35, 128.90, 128.69, 127.86, 126.92, 124.48 (d, J = 5.16), 122.08, 63.31, 63.15, 48.59, 46.62, 



















9,10-Dihydro-9,10-[4,7]methanoisobenzofuranoanthracene-12,14-dione (17). In a flame-dried 50-
mL round bottom flask were combined 13 (1.00 g, 6.09 mmol), anthracene (1.00 g, 5.61 mmol) and toluene 
(20 mL). The combined solution was heated to reflux overnight. The mixture was concentrated under reduced 
pressure and then purified by silica gel column chromatography with a 10% ethyl acetate and hexanes 
solution. Product 17 (1.36 g, 3.97 mmol, 70.8% yield) was collected. Spectral and analytical data were in 











3-Bromo-9,10-dihydro-9,10-[4,7]methanoisobenzofuranoanthracene-12,14-dione (18a). In a sealed 
glass pressure vessel with stir bar were combined 17 (0.12 g, 0.35 mmol), Br2 (0.62 g, 3.87 mmol) and 
CH3CN (5 mL). The vessel was then sealed and heated to 140 °C for 12 h with stirring. The Crude product 
was purified by silica gel column chromatography with 15% ethyl acetate and hexanes solution. Then the 
mixture was further purified by prep. HPLC. 18a (0.080g, 0.19 mmol, 54.3% yield) and 18b (0.011g, 0.03 
mmol, 8.6% yield) were collected. 1H NMR (CDCl3) δ 7.48 (d, 1H, J = 1.95), 7.35 (dd, 1H, J1 = 7.88, J2 = 
1.95), 7.30-7.25 (m, 2H), 7.23-7.13 (m, 3H), 4.64 (s, 1H), 4.62 (s, 1H), 2.58-2.51 (m, 2H), 1.64-1.57 (m, 2H), 
1.44-1.37 (m, 2H), 0.91 (d, 1H, J = 11.60), 0.23-0.15 (m, 1H). HRMS (ESI-) calc for C23H17BrO3 Na+: 
443.025328, found 443.025152. 
2-Bromo-9,10-dihydro-9,10-[4,7]methanoisobenzofuranoanthracene-12,14-dione (18b). Isolated 
with 21. 1H NMR (CDCl3) δ 7.44 (d, 1H, J = 2.11), 7.32-7.28 (m, 3H), 7.23-7.20 (m, 2H), 7.15 (d, 1H, J = 
7.95), 4.63 (s, 1H), 4.62 (s, 1H), 2.52 (s, 2H), 1.63-1.57 (m, 2H), 1.44-1.37 (m, 2H), 0.84 (d, 1H, J = 11.44), 

















9,10-dihydro-9,10-[4,7]methanoisobenzofuranoanthracene-12,14,15-trione (19). To a 100 mL 
round-bottom flask equipped with a condenser were added 4 (0.32 g, 0.89 mmol), crushed 4 Å molecular 
sieves (2.60 g), and potassium carbonate (1.20 g). The mixture was suspended in DCM (20 mL) followed by 
addition of PCC (0.32 g, 1.48 mmol). The solution was refluxed for 2 h. The mixture was concentrated under 
reduced pressure and then purified by silica gel column chromatography with 15% ethyl acetate and hexanes 
solution. 19 (0.29g, 0.81 mmol, 91% yield) was collected as white crystals. 1H NMR (CDCl3) δ 7.38-7.33 
(m, 4H), 7.29-7.26 (m, 2H), 7.26-7.22 (m, 2H), 4.70 (s, 2H), 2.37-2.34 (m, 2H), 1.87-1.81 (m, 2H), 1.61-1.56 
(m, 2H). 13C NMR (CDCl3) δ 200.51, 171.33, 138.19, 128.52, 128.25, 126.58, 125.52, 61.03, 49.11, 46.71, 










               
3-bromo-9,10-dihydro-9,10-[4,7]methanoisobenzofuranoanthracene-12,14,15-trione (20a). To a 
100 mL round bottom flask was added 19 (0.10 g, 0.28 mmol).  Fe metal (0.036 g, 0.64 mmol), Br2 (0.64g, 
4.00 mmol), and CH2Cl2 (20 mL). The solution was heated to reflux for 2 hours. The mixture was 
concentrated under reduced pressure and purified by silica gel column chromatography with 15% ethyl 
acetate and hexanes solution. 19 (0.063g, 0.175 mmol, 62.5% recycled), 20a (0.023g, 0.053 mmol, 18.9% 
yield), and 20b (0.026g, 0.059 mmol, 21.3% yield) were collected. 1H NMR (CDCl3) δ 7.51 (d, 1H, J =1.93 
Hz), 7.41 (dd, 1H, J1 =8.08 Hz, J2=1.91 Hz), 7.37-7.31 (m, 2H), 7.28-7.24 (m, 2H), 7.21 (d, 1H, J =7.98 Hz), 
4.68 (s, 1H), 4.66 (s, 1H), 2.40-2.34 (m, 2H), 1.91-1.83 (m, 2H), 1.64-1.55 (m, 2H). 13C NMR (CDCl3) δ 
200.69, 171.02, 170.99, 139.82, 137.80, 137.50, 136.63, 131.50, 129.66, 128.52, 128.50, 127.95, 125.65, 
125.58, 122.33, 60.68, 60.66, 48.82, 48.66, 46.71, 46.60, 19.73. HRMS (ESI+) calc for C23H15BrO4Na+: 
457.004593, found 457.004632. 
2-bromo-9,10-dihydro-9,10-[4,7]methanoisobenzofuranoanthracene-12,14,15-trione (20b). 
Isolated with 20a. 1H NMR (CDCl3) δ 7.50 (d, 1H, J =1.93 Hz), 7.38 (dd, 1H, J1 =7.97 Hz, J2=1.96 Hz), 
7.36-7.32 (m, 2H), 7.30-7.26 (m, 2H), 7.22 (d, 1H, J =7.98 Hz), 4.67 (s, 1H), 4.65 (s, 1H), 2.37-2.33 (m, 2H), 
1.89-1.82 (m, 2H), 1.63-1.56 (m, 2H). 13C NMR (CDCl3) δ 200.17, 171.10, 171.02, 140.37, 137.28, 137.21, 
136.95, 131.29, 128.81, 128.79, 128.66, 126.98, 126.71, 126.65, 122.06, 60.74, 60.72, 48.79, 48.61, 46.65, 




















[4,7]methanoisobenzofuranoanthracene -12,14-dione (24a) and 7-bromo-15-hydroxy-1-
(trifluoromethyl)-9,10-dihydro-9,10-[4,7]methano isobenzofuranoanthracene-12,14-dione (24b). 
Isolated with 16a and 16b 
21 (1): 1H NMR (CDCl3) δ 7.52 (d, 1H, J = 1.78), 7.47 (t, 2H, J = 8.07), 7.41 (dd, 1H, J1 = 7.67, J2 = 
1.90), 7.32-7.26 (m, 2H), 5.14 (s, 1H), 4.69 (s, 1H), 2.74 (s, 1H), 2.47 (s, 2H), 2.11-2.06 (m, 2H), 1.40-1.36 
(m, 2H), 1.25 (d, 1H, J =4.39). 13C NMR (CDCl3) δ 172.15, 170.64, 142.68, 141.19, 138.99, 138.26, 131.02, 
129.10, 128.49, 127.82, 126.81, 124.87, 121.64, 63.02, 62.35, 48.44, 46.67, 46.39, 45.39, 23.94. HRMS 
(ESI+) calc for C24H16BrF3O4Na+: 527.007627, found 527.007281. 
21 (2): 1H NMR (CDCl3) δ 7.54 (d, 1H, J = 1.87), 7.50-7.43 (m, 2H), 7.40 (dd, 1H, J1 = 7.83, J2 = 1.89), 
7.31-7.22 (m, 2H), 5.12 (s, 1H), 4.71 (s, 1H), 2.72 (s, 1H), 2.49-2.41 (m, 2H), 2.12-2.05 (m, 2H), 1.42-1.35 
(m, 2H), 1.25 (d, 1H, J =3.98). 13C NMR (CDCl3) δ 172.19, 170.60, 142.11, 141.47, 139.54, 137.98, 130.98, 
129.01, 128.60, 127.86, 126.63, 124.86, 121.70, 62.98, 62.41, 48.31, 46.69, 46.37, 45.51, 23.96, 24.90. 


















12,14-dioxo-9,10-dihydro-9,10-[4,7]methanoisobenzofuranoanthracen-15-yl nitrate (22). In a 25-
mL round bottom flask was added 1 (0.050 g, 0.14 mmol), NH4NO3 (0.009g, 0.11 mmol), Trifluoroacetic 
anhydride (cat.) and CH3CN (5 mL). The reaction was allowed to stir overnight at room temperature. The 
mixture was concentrated under reduced pressure and purified by silica gel column chromatography with 
15% ethyl acetate and hexanes solution. 22 (0.022 g, 0.054 mmol, 38.6% yield) and 1 (0.027g, 0.075 mmol, 
53.6% recycled) were collected. 1H NMR (CDCl3) δ 7.32-7.28 (m, 2H), 7.26-7.22 (m, 2H), 7.19-7.15 (m, 
2H), 7.14-7.11 (m, 2H), 4.69 (s, 2H), 4.59 (s, 1H), 2.90 (m, 2H), 1.98-1.93 (m, 2H), 1.61-1.56 (m, 2H). 13C 
NMR (CDCl3) δ 172.56, 141.11, 139.91, 128.18, 127.72, 125.54, 125.22, 90.49, 68.06, 48.94, 43.82, 25.08. 











15-methoxy-9,10-dihydro-9,10-[4,7]methanoisobenzofuranoanthracene-12,14-dione (23). To a 10-
mL round bottom flask was added 1 (0.020 g, 0.056 mmol), NaH (0.013 g, 0.54 mmol) and DMSO (3 mL), 
then add CH3I (0.08 g, 0.56 mmol). The mixture was allowed to stir at room temperature for 1 hour, and then 
quenched by 3 mL of water. Then the mixture was transferred into a separatory funnel containing 20 mL 
water, and extracted with ethyl acetate (3 x 20 mL). The organic fractions were combined, dried with MgSO4 
and concentrated under reduced pressure. The crude product was purified by silica gel chromatography with 
20% ethyl acetate and hexanes to give 23 (0.016 g, 0.043 mmol, 76.7% yield). 1H NMR (CDCl3) δ 7.31-7.26 
(m, 2H), 7.25-7.21 (m, 2H), 7.16-7.06 (m, 4H), 4.67 (s, 2H), 3.36 (s, 1H), 2.66-2.63 (m, 2H), 2.50 (s, 3H), 
1.81-1.73 (m, 2H), 1.45-1.37 (m, 2H). 13C NMR (CDCl3) δ 173.76, 141.81, 141.69, 127.35, 126.42, 125.39, 













(30). To a 10-mL round bottom flask was added 23 (0.006 g, 0.016 mmol). Br2 (0.62g, 3.87 mmol), and 
CH2Cl2 (3 mL) The solution was stirred at room temperature for 15 min, then quenched with 3 mL acetone. 
The mixture was concentrated under reduced pressure and purified by silica gel column chromatography with 
20% ethyl acetate and hexanes solution to give 24 (0.005 g, 0.011 mmol, 69.2% yield).  1H NMR (CDCl3) δ 
7.42 (d, 1H, J =1.92), 7.24-7.19 (m, 3H), 7.16-7.10 (m, 3H), 4.64 (s, 1H), 4.61 (s, 1H), 3.38 (s, 1H), 2.66-
2.60 (m, 2H), 2.58 (s, 3H), 1.82-1.74 (m, 2H), 1.44-1.37 (m. 2H). 13C NMR (CDCl3) δ 173.44, 173.36, 
143.95, 141.25, 140.99, 140.89, 129.20, 127.72, 127.67, 127.55, 126.02, 125.60, 125.50, 119.92, 93.24, 
68.01, 68.00, 59.30, 48.89, 48.80, 43.58, 42.86, 25.03, 25.00. HRMS (ESI+) calc for C24H19BrO4Na+: 















anthracene-12,14-dione (31). To a 10-mL round bottom flask was added 6 (0.056 g, 0.13 mmol), NaH 
(0.013 g, 0.54 mmol) and DMSO (3 mL), then add CH3I (0.08 g, 0.56 mmol). The mixture was stirred at 
room temperature for 1 hour, and quenched with 3 mL of water. Then the mixture was transferred into a 
separate funnel containing 20 mL water, and extracted with ethyl acetate (3 x 20 mL). The organic fractions 
were combined, dried with MgSO4 and concentrated under reduced pressure. The crude product was purified 
by silica gel chromatography with 20% ethyl acetate and hexanes to give 25 (0.042 g, 0.10 mmol, 73.4% 
yield). 1H NMR (CDCl3) δ 7.43 (d, 1H, J =7.46), 7.37 (d, 1H, J =7.95), 7.30-7.22 (m, 2H), 7.19-7.11 (m, 
3H), 5.16 (s, 1H), 4.73 (s, 1H), 2.69 (s, 1H), 2.61 (s, 1H), 2.49 (s, 3H), 1.82-1.74 (m, 2H), 1.45-1.35 (m, 2H). 
13C NMR (CDCl3) δ 173.44, 173.19, 143.89, 141.30, 140.59 (q, J =2.13), 140.55, 127.94, 127.84, 127.82, 
126.03, 125.88, 125.49, 123.03 (q, J =5.06), 93.26, 67.72, 67.70, 59.59, 49.11, 45.73, 45.71, 43.60, 42.78, 















12,14-dione (32). To a 10 mL round bottom flask was added 25 (0.020 g, 0.045 mmol) and Br2 (0.62g, 3.87 
mmol), The mixture was stir at room temperature for 45 min, then quenched by 3 mL acetone. The mixture 
was concentrated under reduced pressure and purified by silica gel column chromatography with 20% ethyl 
acetate and hexanes solution to give 26 (0.010 g, 0.019 mmol, 42% yield) and 25 (0.009 g, 0.020 mmol, 44% 
recycled). 1H NMR (CDCl3) δ 7.57 (d, 1H, J =1.76), 7.51 (d, 1H, J =1.76), 7.29-7.22 (m, 2H), 7.18-7.13 (m, 
2H), 5.12 (s, 1H), 4.68 (s, 1H), 3.36 (s, 1H), 2.67-2.60 (m, 2H), 2.58 (s, 3H), 1.84-1.75 (m, 2H), 1.46-1.36 
(m, 2H). 13C NMR (CDCl3) δ 173.02, 172.86, 146.10, 140.48, 139.93, 139.80, 130.81, 128.15, 128.12, 
125.96, 125.89 (q, J =4.97), 125.67, 119.45, 93.29, 67.58, 67.54, 59.45, 48.76, 45.44, 43.29, 43.20, 24.95, 
24.88. HRMS (ESI+) calc for C24H16BrF3O4Na+: 541.023277, found 541.022976. 
 
8.6. Experimental Details for Chapter 4. 
 
in-12-hydroxy-13-(1-methylethylidene)octahydro-1,4:5,8-dimethano-4a,8a-
(methanoxymethano)naphthalene-9,11-dione (1).  To a flame dried round bottom flask equipped with a 
condenser and stir bar was added 10 (0.074 g, 0.26 mmol) in 4 mL dry THF.  To the solution was added a 
2M lithium borohydride solution (0.52 mL) in THF.  The solution was then refluxed for three hours.  The 

















(methanoxymethano)naphthalene-9,11-dione (9).  Compound 8 (0.450 g, 1.57 mmol) was added to a flame 
dried three-neck round bottom flask with large stir bar under nitrogen.  Dipotassium azodicarboxylate (2.14 
g, 11 mmol) was added and the solids were dissolved in methanol (80 mL).  Glacial acetic acid (1.26 mL, 22 
mmol) was added dropwise to the stirred mixture.  The mixture was allowed to stir until complete 
consumption of the starting material was observed by TLC (2 hours).  The mixture was slowly quenched 
with water until gas evolution ceased.  The product was extracted with ethyl acetate (3 x 30 mL), and the 
combined organic extracts were dried with MgSO4 and concentrated under reduced pressure.  The residue 
was purified by flash chromatography on florisil with a 30% ethyl acetate and hexanes solution to yield 9 as 
white crystals (0.36 g, 79% yield); mp = 179-181 oC; 1H NMR (CDCl3)  5.28 (s, 1H), 2.97 (s, 2H), 2.41 (m, 
2H), 2.05 (d, 2H, J = 9.2 Hz), 1.70 (s, 6H), 1.62-1.55 (m, 2H), 1.55-1.48 (m, 2H), 1.48-1.39 (m, 2H); 13C 
NMR (CDCl3)  173.6, 143.3, 118.0, 76.7, 65.8, 47.1, 42.6, 25.7, 23.8, 20.9; IR 3612, 2972, 2895, 1854, 





9,11,12-trione (10).  To a flame dried round bottom flask equipped with a condenser and large stir bar, was 
added 9 (0.10 g, 0.35 mmol), crushed 3 Å molecular sieves (0.89 g) and potassium carbonate (0.38 g).  To 
the mixture was added DCM (20 ml) followed by cooling to 0 °C.  Pyridinium chlorochromate (PCC) (0.094 
g, 0.438 mmol) was added and the solution was allowed to warm to room temperature before being refluxed 
overnight.  The mixture was then filtered through celite and concentrated under reduced pressure.  The 
residue was purified by silica gel flash chromatography with a 20% ethyl acetate and hexanes solution to 
yield 10 as white crystals (0.072 g, 72% yield); mp = 160-164 oC; 1H NMR (CDCl3)  2.99 (m, 2H), 2.26 (m, 
2H), 1.87 (d, 2H, J = 10.8 Hz), 1.76 (d, 2H, J = 9.4 Hz), 1.68-1.6 (m, 4H), 1.60 (s, 6H); 13C NMR (CDCl3)  
205.4,172.1, 134.7, 129.8, 62.3, 45.1, 43.3, 25.1, 21.1, 19.4 ; IR 2988, 2893, 1863, 1781, 1764 (cm-1, CaF2, 
CH2Cl2); HRMS (ESI+) calc for NaC17H18O4: 309.1103, found 309.1106. 
 




9,11-dione (25).  To a flame dried round bottom flask was added 22 (0.1 g, 0.40 mmol) in 10 mL of DCM.  
The solution was cooled to -78 oC and bromine (0.02 mL, 0.44 mmol) was added.  The solution was then 
allowed to stir overnight at room temperature.  The solution was quenched with a 10% solution of sodium 
thiosulfate (50 mL), extracted into DCM and the organic fractions were then washed with water and brine, 
dried with magnesium sulfate and concentrated under reduced pressure.  The brominated product was isolated 
by recrystallization from DCM/hexanes to yield 25 as white crystals (0.142 g, 87%); 1H NMR (CDCl3) 5.01 
(d, 1H, J = 60.8 Hz), 4.81 (m, 2H), 3.20 (m, 2H), 2.83 (s, 2H), 2.65 (d, 1H, J = 12.5 Hz), 1.89 (d, 2H, J = 9.6 
Hz), 1.66 (d, 1H, J = 12.5 Hz), 1.45-1.37 (m, 2H); 13C NMR (CDCl3)  172.5, 100.4 (d, J = 213.0 Hz), 67.3 
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(d, J = 1.5 Hz), 55.5, 52.3 (d, J = 22.1 Hz), 41.3 (d, J = 14.0 Hz), 36.5 (d, J = 3.0 Hz), 23.2 (d, J = 9.6 Hz); 
19F NMR (CDCl3)  -179.46 (d, 1F, J = 60.8 Hz); IR 3053, 2915, 1865, 1785, (cm-1, CaF2, CH2Cl2) );  HRMS 





trifluoromethanesulfonate (42).  To a flame dried round bottom flask was added alcohol (41) (0.04 g, 0.15 
mmol) dissolved in DCM (3 mL).  The solution was treated with pyridine (0.07 mL, 0.86 mmol) and cooled 
to -78 oC.  A 1M triflic anhydride solution in DCM (0.22 mL, 0.22 mmol) was added dropwise, and the 
solution was allowed to stir at room temperature for 1.5 h.  The solution was washed with a cold 10% aqueous 
NaHCO3 solution, then brine.  The organic layer was isolated, dried with magnesium sulfate and concentrated 
under reduced pressure.  The crude product was purified by flash chromatography on florisil with a 20% 
ethyl acetate and hexanes solution to yield 42 as white crystals (0.058 g, 97%); 1H NMR (400 MHz, CDCl3) 
6.68 (d, 1H, J = 25.2 Hz), 5.05 (d, 1H, J = 61.6 Hz), 2.84 (m, 2H), 2.71 (s, 2H), 2.14 (d, 2H, J = 10 Hz), 
1.86 (d, 2H, J = 9.4 Hz), 1.67 (d, 2H, J = 8.8 Hz), 1.49 (t, 2H, J = 8.8 Hz); 13C NMR (400 MHz, CDCl3)  
171.9, 118.6 (q, J = 320 Hz), 101.29 (d, J = 212.3 Hz), 90.2 (d, J = 56.0), 66.49, 44.36 (d, J = 8.1 Hz), 44.18, 
24.26, 23.2 (d, J = 9.6 Hz), 19F NMR (300 MHz, CDCl3)  -75.33 (s, 3F), -177.03 (m, 1F); IR 3147, 1866, 






trifluoromethanesulfonate (82).  To a flame dried round bottom flask was added 83 (0.1 g, 0.40 mmol) 
dissolved in DCM (5 mL).  The solution was treated with pyridine (0.18 mL, 2.30 mmol) and cooled to -78 
oC.  A 1M triflic anhydride solution in DCM (0.6 mL, 0.60 mmol) was added dropwise, and the solution was 
allowed to stir at room temperature for 1.5 h.  The solution was washed with a cold 10% aqueous NaHCO3 
solution, then brine.  The organic layer was isolated, dried with magnesium sulfate and concentrated under 
reduced pressure.  The crude product was purified by flash chromatography on florisil with a 20% ethyl 
acetate and hexanes solution to yield 82 as white crystals (0.143 g, 94%); 1H NMR (CDCl3) 5.95 (s, 1H), 
2.84 (m, 2H), 2.73 (m, 2H), 2.18 (d, 1H, J = 12.5 Hz), 2.07 (d, 2H, J = 9.6 Hz), 1.73 (d, 2H, J = 9.0 Hz), 1.67 
(d, 2H, J = 8.8 Hz), 1.62 (d, 1H, J = 12.5 Hz), 1.51 (d, 2H, J = 8.9 Hz); 13C NMR (CDCl3)  172.1, 118.5 (q, 
J = 320 Hz), 90.9, 66.3, 45.8, 43.2, 42.9, 27.4, 24.0; 19F NMR (CDCl3)  -75.40 (s, 3F); IR 2982, 2908, 1861, 




(83).  Alcohol 94 (0.116 g, 0.47 mmol) was dissolved in THF (20 mL) and palladium on carbon (0.02 g) was 
added.  The mixture was hydrogenated on a Parr hydrogenator at 2.4 bar for five hours.  The catalyst was 
removed by filtration through celite and the sample was concentrated under reduced pressure to yield 83 as 
white crystals (0.111, 95%); 1H NMR (CDCl3) 5.14 (s, 1H), 2.62 (s, 2H), 2.43 (m, 2H), 2.35 (d, 1H, J = 
136 
 
11.9 Hz), 2.07 (d, 2H, J = 9.6 Hz), 1.64 (d, 2H, J = 10.6 Hz), 1.48 (d, 1H, J = 12.7 Hz), 1.49-1.39 (m, 4H); 
13C NMR (CDCl3)  174.1, 78.0, 67.2, 46.8, 43.2, 43.0, 27.6, 24.1; IR 3055, 2977, 2901, 1861, 1781, (cm-1, 




9,11-dione (94).  Anhydride 85 (0.5 g, 3.05 mmol) and silylated diene 40 (1.49 mL, 9.14 mmol) were 
combined with DCM (4 mL) in a capped 10 mL syringe.  The resulting slurry was then pressurized for three 
days at 12 kbar.  The resulting solution was concentrated under reduced pressure and the residue was purified 
by silica gel flash chromatography with 5% ethyl acetate and hexanes to yield an inseparable mixture of the 
Diels-Alder products (1.06 g) as a white waxy solid.  The mixture of isomers was then dissolved in a 50:50 
mixture of THF and methanol (50 mL).  Potassium fluoride (6.74 mmol) and potassium bicarbonate (6.74 
mmol) were then added and the solution was cooled to 0 oC.  Then 5.73 mL of 30% hydrogen peroxide was 
added dropwise to the flask.  The solution was allowed to warm to room temperature and stirred overnight.  
The solution was quenched with a 10% solution of sodium sulfite (20 mL) and extracted four times with 
ethyl acetate.  The organic layers were washed with water and brine, dried with magnesium sulfate and 
concentrated under reduced pressure.  The crude product was purified by gradient column chromatography 
on silica gel with 30% then 50% ethyl acetate and hexanes to yield 94 as white crystals (0.116 g, 15 %); 1H 
NMR (CDCl3) 6.39 (m, 2H), 5.04 (d, 1H, J = 11.7 Hz), 3.34 (m, 2H), 2.80 (m, 2H), 2.39 (d, 1H, J = 12.1 
Hz), 2.21 (d, 1H, J = 11.7 Hz), 1.75 (d, 2H, J = 9 Hz), 1.56 (d, 1H, J = 12.1 Hz), (d, 2H, J = 9.3 Hz); 13C 
NMR (CDCl3)  172.6, 135.9, 84.9, 65.9, 54.1, 43.0, 41.5, 27.5; IR 3564, 3054, 2975, 2902, 1858, 1782, (cm-






















































Figure S3.  Comparative hydrolysis of triflate 42 in 70% TFE/H2O, 70% HFIP/H2O and 70% 
PFTB/H2O (v/v) at 72 oC. 
 
 





















































Solvolysis of Triflate 42 with Various Additives
HFIP







Hydrolysis in 70% TFE/H2O (v/v) of the fluoro (42) versus hydrido (82) triflate at 65 oC. 
 
 
8.8 Experimental Details for Chapter 6. 
 
General Procedure for Ion Formation: 
 
A Sure/Pac containing SO2ClF was cooled to -78 C, and 1.0 mL SO2ClF was transferred via cannula to 
a heat gun-dried graduated Schlenck flask cooled to -78 C under argon atmosphere.  To a separate heat gun-
dried Schlenck flask under argon atmosphere was added the substrate (6.0 mg, 0.02 mmol); the flask was 
evacuated and refilled with argon multiple times.  In a glove box under nitrogen atmosphere, SbF5 (0.044 g, 
0.20 mmol) was added to a dry Schlenck flask using a home-made PTFE "needle" attached to a syringe; this 
flask was sealed, transported out of the glove box, and stored under argon on a Schlenck line.  Subsequently, 
half of the 1.0 mL SO2ClF was transferred to the flask containing the substrate (via cannula at -78 C), and 



























were vortexed with periodic cooling to help dissolve the contents in SO2ClF.  To a heat gun-dried NMR tube 
(fit with a cap with a septum and already placed inside a ceramic spinner turbine) under argon atmosphere 
was added the solution of substrate in SO2ClF via cannula at -78 C.  Finally, the solution of SbF5 in SO2ClF 
was transferred slowly to the NMR tube via cannula at -78 C, dripping the solution down the side of the 
cold NMR tube.  The argon line was removed from the NMR tube, the cap with septum was wrapped in 
Parafilm, and the NMR tube containing the ion was transported in a dewar at -78 C to a precooled (to -50 
C) 500 MHz NMR instrument. 
 
 
Experimental Methods and Characterization Data: 
 
Compounds 3 and 9 were made as previously reported, with the exception that in the final reduction step 
to form 9, LiAlD4 was used instead of LiAlH4.  Spectral and analytical data were in accordance with previous 





To a flame-dried microwave vial was added 0.040 g (0.150 mmol) 3 (compound 83 in Chapter 5).  The 
vial was cooled to -78 oC and 4 mL DCM was added, followed by 0.045 mL (0.3 mmol) DBU and 0.172 g 
(0.751 mmol) Xtalfluor-E.  The vial was sealed, evacuated, quickly backfilled with nitrogen and allowed to 
come to room temperature, then heated to 50 oC for 3 days.  The reaction mixture was concentrated under 










eluting with EtOAc:hexanes to provide 4 as a white solid (0.024 g, 59%), which was further purified with 
preparatory HPLC.  
 
Compound 4 (SO2ClF, -50 C): 19F NMR (471 MHz): δ -179.8 (1F, dm, J = 61.5 Hz), -198.7 (1F, ddm, 
J = 56.2, 19.4 Hz); 19F{1H} NMR (471 MHz): δ -179.8 (1F, d, J = 19.4 Hz), -198.7 (1F, d, J = 19.5 Hz); 1H 
NMR (500 MHz): δ 6.34 (1H, dd, J = 56.2, 18.3 Hz), 4.98 (1H, d, J = 61.5 Hz), 2.62–2.58 (4H, m), 2.11–
2.05 (2H, m), 1.82–1.77 (2H, m), 1.52–1.47 (2H, m), 1.43-1.37 (2H, m); 1H{19F} NMR (500 MHz): δ 6.34 
(1H, s), 4.98 (1H, s), 2.62–2.58 (4H, m), 2.11–2.05 (2H, m), 1.82–1.77 (2H, m), 1.52–1.47 (2H, m), 1.43-
1.37 (2H, m); 13C{1H} NMR (126 MHz): δ 172.9 (d, J = 2.3 Hz), 101.1 (d, J = 211.7 Hz), 96.0 (dd, J = 188.0, 
54.5 Hz), 66.2 (d, J = 6.6 Hz), 43.7 (d, J = 14.8 Hz), 43.4 (d, J = 16.7 Hz), 23.7 (d, J = 4.7 Hz), 22.6 (d, J = 
9.2 Hz); 13C NMR (126 MHz): δ 172.9 (d, J = 2.3 Hz), 101.1 (ddm, J = 211.7, 165.9 Hz), 96.0 (dddm, J = 
188.0, 170.2, 54.5 Hz), 66.2 (br s), 43.7 (ddd, J = 41.2, 14.8, 6.6 Hz), 43.4 (ddd, J = 42.9, 16.7, 6.6 Hz), 23.7 





To a flame-dried microwave vial was added 0.027 g (0.101 mmol) 9. The vial was cooled to -78 oC and 
3 mL DCM was added, followed by 0.03 mL (0.202 mmol) DBU and 0.115 g (0.504 mmol) Xtalfluor-E.  
The vial was sealed, evacuated, quickly backfilled with nitrogen, and allowed to come to room temperature, 
then let stir overnight.  The reaction mixture was concentrated under reduced pressure, and the crude residue 
was purified via gradient column chromatography on silica gel eluting with EtOAc:hexanes to provide 10 


















Compounds 10 and 11 (SO2ClF, -50 C): 19F NMR (471 MHz): δ -178.8 (1F, dm, J = 61.5 Hz), -179.3 
(1F, m), -197.6 (1F, ddm, J = 56.2, 19.4 Hz), -198.1 (1F, m); 19F{1H} NMR (471 MHz): δ -178.8 (1F, d, J = 
19.4 Hz), -179.3 (1F, dt, J = 19.4, 9.2 Hz), -197.6 (1F, d, J = 19.4 Hz), -198.1 (1F, dt, J = 19.3, 8.5 Hz); 1H 
NMR (500 MHz): δ 6.34 (0.5H, dd, J = 56.2, 18.3 Hz), 4.98 (0.5H, d, J = 61.5 Hz), 2.62-2.58 (4H, m), 2.11–
2.05 (2H, m), 1.82–1.77 (2H, m), 1.52–1.47 (2H, m), 1.43-1.37 (2H, m); 1H{19F} NMR (500 MHz): δ 6.34 
(0.5H, s), 4.98 (0.5H, s), 2.62–2.58 (4H, m), 2.11–2.05 (2H, m), 1.82–1.77 (2H, m), 1.52–1.47 (2H, m), 1.43-
1.37 (2H, m); 13C{1H} NMR (126 MHz): δ 172.9, 101.1 (d, J = 211.7 Hz), 96.0 (dd, J = 188.0, 54.5 Hz), 





Fluoronium ion 1•SbF5 (SO2ClF, -50 C): 19F NMR (471 MHz): δ -187.0 (1F, tp, J = 82.9, 13.4 Hz); 
19F{1H} NMR (471 MHz, SO2ClF): δ -187.0 (1F, s); 1H NMR (500 MHz): δ 8.11 (2H, d, J = 82.9 Hz), 3.93-
3.85 (4H, m), 2.40-2.31 (4H, m), 2.15-2.05 (2H, m), 1.97-1.89 (2H, m); 1H{19F} NMR (500 MHz): δ 8.11 
(2H, s), 3.93-3.85 (4H, m), 2.40-2.31 (4H, m), 2.15-2.05 (2H, m), 1.97-1.89 (2H, m); 13C{1H} (126 MHz): 
186.7, 159.5, 157.3 (d, J = 135.7 Hz), 65.9, 63.0, 46.5, 46.4, 19.0, 18.9; 13C (126 MHz): 186.7, 159.5, 157.3 















Fluoronium ion-d1 12 (SO2ClF, -50 C): 19F NMR (471 MHz): δ -187.0 (1F, dm, J = 82.9 Hz); 19F{1H} 
NMR (471 MHz, SO2ClF): δ -187.0 (1F, br s); 1H NMR (500 MHz): δ 8.11 (1H, d, J = 82.9 Hz), 3.93-3.85 
(4H, m), 2.40-2.31 (4H, m), 2.15-2.05 (2H, m), 1.97-1.89 (2H, m); 1H{19F} NMR (500 MHz): δ 8.11 (2H, 
s), 3.93-3.85 (4H, m), 2.40-2.31 (4H, m), 2.15-2.05 (2H, m), 1.97-1.89 (2H, m); 13C{1H} (126 MHz): 186.7, 
159.5, 157.57 (d, J = 135.7 Hz), 157.49 (d, J = 134.7 Hz), 65.9, 63.0, 46.5, 46.4, 19.0, 18.9. 
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